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Preface by the directors 
In 2012 the HZDR, and in consequence also the Institute of Ion Beam Physics and Materials 
Research (IIM) including its Ion Beam Center (IBC), has undergone a scientific evaluation. The 
evaluation committee composed of the Scientific Advisory Board and numerous external experts in our 
field of research concluded that “the overall quality of the scientific work is excellent”, that “there are 
an impressive number of young scientists working enthusiastically on a variety of high-level projects” 
and that “the choice of these projects represents a clear underlying strategy and vision”. We feel 
honored and are proud that the external view on our scientific achievements is that extraordinary. In 
view of this outstanding result we would like to express our gratitude to all our staff members for their 
commitment and efforts! 
In the past year, we continued our integration into the Helmholtz Association of German Research 
Centers (HGF) with our Institute mostly active in the research area “Matter”, but also involved in a 
number of activities in the research area “Energy”. In this respect, many consultations were held with 
the Helmholtz centers contributing to common research areas to precisely define the role we will play 
in the newly established HGF program “From Matter to Materials and Life” (see schematic below). 
Our IBC has been recognized as a large-scale user facility for ion beam analysis and modification of 
materials, i.e., specializing on materials science. In particular, the IBC plays a prominent role in the 
recently approved Helmholtz Energy Materials Characterization Platform (HEMCP), which mainly con-
centrates on the development of dedicated analytical tools for the characterization of materials 
required for future energy technologies. The successes achieved by the IBC allows us to invest 7200 
k€ to further improve and strengthen the ion beam capabilities at the Institute. In addition to this 
infrastructure-related grant, we were also successful in our funding application for the establishment of 
the International Helmholtz Research School for Nanoelectronic Networks (IHRS NANONET), aiming at 
promoting the next generation of leading scientists in the field of nanoelectronics. The IHRS NANONET 
is coordinated by our Institute and offers a well-structured PhD program to outstanding students of all 
nationalities with emphasis on interdisciplinary research and comprehensive training in technical and 
professional skills.  
 
 
 
 
 
 
 
 
 
 
 
We owe the success of our Institute to our excellent researchers. Prof. Dr. Sibylle Gemming, head 
of the division “Scaling Phenomena”, received a Helmholtz-funded full professor position at TU 
Chemnitz, allowing us to strengthen the ties between TU Chemnitz and the HZDR. The research of 
Prof. Gemming focuses on the multiscale modeling of materials with special emphasis on the atomistic 
structure, physical properties and function relationships. In addition, several of our scientists received 
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awards in 2012. Most prominently Dr. Shengqiang Zhou, head of the Helmholtz Young Investigators 
Group “Functional Materials”, received the IBMM Young Scientist Award 2012 at the 18th International 
Conference on Ion Beam Modification of Materials. This award is attributed to outstanding young 
scientists. Within the HZDR, Dr. Stephan Winnerl received the HZDR Research Award 2012 for his 
outstanding contributions to terahertz science, and Dr. Stefan Facsko was appointed “HZDR Research 
Fellow”, allowing him to leave administrative burdens behind and concentrate on science for the next 
five years. In 2012 three of our longstanding scientists, Dr. Arndt Mücklich (responsible for 
transmisson electron microscopy), Dr. Reinhard Kögler (expert in defect engineering with ion beams), 
and Dr. Helfried Reuther (responsible for Mössbauer spectroscopy and Auger electron spectroscopy) 
have left the Institute for early retirement. We wish them all the best for their next period of life. 
Together with colleagues from the IFW Dresden we organized the 17th International Conference on 
Superlattices, Nanostructures, and Nanodevices (ICSNN 2012). For one week in July, 250 
semiconductor scientists were gathering in the Congress Center Dresden. Also in 2012 the TU 
Dresden was awarded the status of excellence by the Federal Ministry of Education and Research. In 
this framework, the cluster of excellence “Center for Advancing Electronics Dresden (cfAED), with 
significant participation of scientists from our institute, was granted. Both achievements will clearly 
strengthen our visibility in the field semiconductor nanoelectronics. 
With respect to publications, 2012 was a very successful year. This Annual Report provides 16 
selected publications out of 152 articles in refereed journal and book chapters in the field of 
semiconductor physics, magnetism and materials science using ion beams. In addition, our scientists 
delivered 49 invited talks at international conferences.  
Finally we would like to cordially thank all partners, friends, and organizations who supported our 
progress in 2012. Special thanks are due to the Executive Board of the Helmholtz-Zentrum Dresden-
Rossendorf, the Minister of Science and Arts of the Free State of Saxony, and the Minister of 
Education and Research of the Federal Government of Germany. Numerous partners from univer-
sities, industry and research institutes all around the world contributed essentially, and play a crucial 
role for the further development of the institute. Last but not least, the directors would like to thank 
again all IIM staff for their efforts and excellent contributions in 2012. 
 
 
 
 
Prof. Manfred Helm     Prof. Jürgen Fassbender 
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Copyright remarks 
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Jacob, R.; Winnerl, S.; Fehrenbacher, M.; Bhattacharyya, J.; Schneider, H.; Wenzel, M. T.; von 
Ribbeck, H.-G.; Eng, L. M.; Atkinson, P.; Schmidt, O. G.; Helm, M. 
Intersublevel spectroscopy on single InAs-quantum dots by terahertz near-field microscopy 
Nano Letters, Vol. 12, Issue 8, pp. 4336-4340 
© 2012, American Chemical Society 
DOI: 10.1021/nl302078w 
El-Said, A. S.; Wilhelm, R. A.; Heller, R.; Facsko, S.; Lemell, C.; Wachter, G.; Burgdörfer, J.; Ritter, R.; 
Aumayr, F.  
Phase diagram for nanostructuring CaF2 surfaces by slow highly charged ions  
Physical Review Letters, Vol. 109, Issue 11, Art.-No. 117602 
© 2012, The American Physical Society 
DOI: 10.1103/PhysRevLett.109.117602 
Krause, M.; Mücklich, A.; Oates, T. W. H.; Zschornak, M.; Wintz, S.; Endrino, J. L.; Baehtz, C.; 
Shalimov, A.; Gemming, S.; Abrasonis, G.  
Tilting of carbon encapsulated metallic nanocolumns in carbon-nickel nanocomposite films by 
ion beam assisted deposition 
Applied Physical Letters, Vol. 101, Issue 5, Art.-No. 053112  
© 2012, American Institute of Physics 
DOI: 10.1063/1.4739417 
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Superconductor-insulator transition controlled by annealing in Ga implanted Si 
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© 2012, American Institute of Physics 
DOI: 10.1063/1.4732081 
Liedke, M. O.; Körner, M.; Lenz, K.; Grossmann, F.; Facsko, S.; Fassbender, J.   
Magnetic anisotropy engineering: Single-crystalline Fe films on ion eroded ripple surfaces 
Applied Physical Letters, Vol. 100, Issue 24, Art.-No. 242405  
© 2012, American Institute of Physics 
DOI: 10.1063/1.4729151 
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Nanohole pattern formation on germanium induced by focused ion beam and broad beam Ga+ 
irradiation  
Applied Physical Letters, Vol. 100, Issue 22, Art.-No. 223108 
© 2012, American Institute of Physics 
DOI: 10.1063/1.4721662 
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In-plane interdot carrier transfer in InAs/GaAs quantum dots 
Applied Physical Letters, Vol. 100, Issue 15, Art.-No. 152101 
© 2012, American Institute of Physics 
DOI: 10.1063/1.3701578 
Wagner, M.; Teich, M.; Helm, M.; Stehr, D.  
Temperature dependence of the intraexcitonic AC Stark effect in semiconductor quantum wells 
Applied Physical Letters, Vol. 100, Issue 5 Art.-No. 051109 
© 2012, American Institute of Physics 
DOI: 10.1063/1.3681399 
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Bürger, D.; Zhou, S.; Höwler, M.; Ou, X.; Kovacs, G.; Reuther, H.; Mücklich, A.; Skorupa, W.; Helm, 
M.; Schmidt, H.  
Hysteretic anomalous Hall effect in a ferromagnetic, Mn-rich Ge:Mn nanonet 
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© 2012, American Institute of Physics 
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© 2012, European Physical Society 
DOI: 10.1209/0295-5075/98/16009 
Abrasonis, G.; Wintz, S.; Liedke, M. O.; Aksoy Akgul, F.; Krause, M.; Kuepper, K.; Banerjee, D.; Liu, 
Z.; Gemming, S.  
Environment controlled dewetting of Rh−Pd bilayers: A route for core−shell nanostructure 
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Nanoscale characterization of ODS Fe-9%Cr model alloys compacted by spark plasma 
sintering 
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Intersublevel Spectroscopy on Single InAs-Quantum Dots by
Terahertz Near-Field Microscopy
Rainer Jacob,† Stephan Winnerl,*,† Markus Fehrenbacher,† Jayeeta Bhattacharyya,† Harald Schneider,†
Marc Tobias Wenzel,‡ Hans-Georg von Ribbeck,‡ Lukas M. Eng,‡ Paola Atkinson,§ Oliver G. Schmidt,§
and Manfred Helm†,‡
†Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf, P.O. Box 51 01 19, 01314 Dresden,
Germany
‡Institut für Angewandte Photophysik, Technische Universitaẗ Dresden, 01062, Dresden, Germany
§Institute for Integrative Nanosciences, IFW Dresden, Helmholtzstrasse 20, 01069 Dresden, Germany
ABSTRACT: Using scattering-type near-ﬁeld infrared micros-
copy in combination with a free-electron laser, intersublevel
transitions in buried single InAs quantum dots are investigated.
The experiments are performed at room temperature on doped
self-assembled quantum dots capped with a 70 nm GaAs layer.
Clear near-ﬁeld contrast of single dots is observed when the
photon energy of the incident beam matches intersublevel
transition energies, namely the p-d and s-d transition of
conduction band electrons conﬁned in the dots. The observed
room-temperature line width of 5−8 meV of these resonances
in the mid-infrared range is signiﬁcantly below the
inhomogeneously broadened spectral lines of quantum dot
ensembles. The experiment highlights the strength of near-ﬁeld
microspectroscopy by demonstrating signals from bound-to-bound transitions of single electrons in a probe volume of the order
of (100 nm)3.
KEYWORDS: Spectroscopy on single quantum dots, self-assembled quantum dots, near-ﬁeld microscopy, intersublevel transitions
Q uantum dots have attracted remarkable interest for thelast years. Because of the three-dimensional conﬁne-
ment, they exhibit atom-like electronic states rather than energy
bands which are typical for bulk semiconductors or semi-
conductor quantum wells. Optical transitions between discrete
levels of carriers conﬁned in the valence band and the
conduction band (interband transitions) are relevant for
application purposes in quantum dot lasers,1 for research on
spin dynamics2 as well as for quantum information processing
in solid-state systems.3 While many studies can be performed
on ensembles of self-assembled quantum dots grown by the
Stranski-Krastanov growth mode, for example, InAs dots on
GaAs,4 an increasing number of studies is focusing these days
on single quantum dots. Optical spectroscopy on single
quantum dots has been achieved, for example, by micro-
photoluminescence5,6 measurements, and coherent spectrosco-
py7 employing aperture-based near-ﬁeld microscopes. Further-
more, scattering-type near-ﬁeld microscopy has been employed
to study interband transitions in Ge8 and InAs9 quantum dots.
Apart from interband transitions of conﬁned charge carriers,
also the intersublevel transitions of electrons and holes within
the conduction or valence band are of interest both from basic
science and application-oriented viewpoints. For example,
polaronic coupling can be studied in doped self-assembled
quantum dots.10 Intersublevel transitions are also the basis for
quantum dot infrared photodetectors that operate in the mid-
infrared.11,12 However, while single-dot spectroscopy is well
established for interband transitions, only few studies on
intersublevel single dot spectroscopy have been reported so far.
Houel et al.13 have excited intersublevel transitions in buried
InAs quantum dots and measured the surface deformation
caused by the local heating with an atomic-force microscope
(AFM). Signatures of local heating from single dots were
identiﬁed, however, the main part of the measured signal
stemmed from groups of quantum dots, which could not be
resolved individually. The signals obtained for photon energies
around 120 meV were attributed to the s-d intersublevel
transition. With the same technique, Sauvage et al.14
investigated the s-p intersublevel transition (∼50 meV) of
InGaAs quantum dots embedded in a thin GaAs membrane in
order to minimize phononic absorption in the GaAs matrix.
In this work, we present near-ﬁeld terahertz microscopy
measurements on buried single InAs quantum dots in
resonance with electron intersublevel transitions. We used a
Received: June 1, 2012
Revised: July 5, 2012
Published: July 9, 2012
Letter
pubs.acs.org/NanoLett
© 2012 American Chemical Society 4336 dx.doi.org/10.1021/nl302078w | Nano Lett. 2012, 12, 4336−4340
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scattering-type near-ﬁeld infrared microscope (s-SNOM) in
combination with a free-electron laser (FEL) to map optical
transitions between bound electron states. By scanning the
wavelength and recording the near-ﬁeld amplitude above and
beside an InAs quantum dot, we were able to determine the
transition energies as well as the homogeneous broadening of
the transition at room temperature. In our experiment, the
spatial resolution is signiﬁcantly higher as compared to the
distance between quantum dots, hence the recorded signals can
be clearly attributed to individual single quantum dots.
The self-assembled quantum dots were grown in the
Stranski-Krastanov growth mode on GaAs by molecular beam
epitaxy at a substrate temperature of 515 °C. The growth rate
was 0.007 ML/s. The conduction band electrons (approx-
imately two electrons per dot) are provided by Si δ-doping 2
nm below the dot layer. The quantum dots were capped by a
70 nm thick undoped GaAs layer followed by δ-doping of
nominally 1 × 1015 cm−2 at the surface in order to avoid surface
depletion of the quantum dots. To suppress indium
segregation, the GaAs overgrowth was started at a substrate
temperature of 470 °C, which subsequently was ramped up to
570 °C. The dot density was of the order of 1 × 109 cm−2,
which is 40 times less than used by Houel et al.13
The quantum dot ensemble was ﬁrst characterized by
photoluminescence (PL) spectroscopy. In Figure 1, a PL
spectrum obtained at 15 K (excitation energy 2.33 eV,
excitation power 40 mW, spot size ∼100 μm) is shown. The
three distinct peaks are attributed to emission from the
electronic ground state (s-level) and the ﬁrst two excited
electron states (p- and d-level), respectively. The PL emission
lines with a separation of around 55 and 120 meV for the s-p
and s-d transitions, respectively, show typical behavior for this
type of self-organized quantum dots. Measurements at room
temperature revealed a full width at half-maximum (fwhm) of
the PL lines of 30 meV and a signiﬁcant red shift (not shown).
However, the line separation remained unchanged, which is in
agreement with previous reports.15 Hence, the line separation
at 15 K is a good measure for estimating the intersublevel
separation in the conduction band also at room temperature.
To this end it is crucial to take into account the interband−
transition selection rules as indicated in Figure 1(a). In
particular, since electrons from the electronic p-level recombine
to the ﬁrst excited hole state while electrons from the s and d-
level recombine to the hole ground state, the energy diﬀerence
between the hole ground state and the ﬁrst excited state has to
be considered. Furthermore diﬀerent exciton binding energies
may play a role. The electron conﬁnement energy is roughly
70% of the combined conﬁnement energy of electrons and
holes observed in the PL emission.16,17 Following this argument
we expect the electronic intersublevel transitions of our
quantum dots at energies of approximately 56 meV × 0.7 =
39 meV, 110 meV − 39 meV = 71 meV, and 110 meV for the s-
p, p-d, and s-d transition, respectively.
For near-ﬁeld nanospectroscopy of the buried quantum dots,
the s-SNOM technique as illustrated in Figure 2a is applied.
The tip of an AFM cantilever is illuminated and the
backscattered radiation is detected.18−20 The polaritonic
polarization excited in the tip interacts with an image-charge
dipole in the sample.21 This principle allows us to probe the
local dielectric properties of the sample with a spatial resolution
that is determined by the tip diameter and the tip−sample
distance only, and therefore is wavelength-independent.
Separation of the near-ﬁeld signal from the far-ﬁeld background
is achieved by harmonic demodulation of the measured
signal.21 To this end, lock-in detection at harmonics of the
cantilever oscillation frequency is applied. Our setup consists of
a home-built AFM which employs the widely tunable FEL
(photon energy 5−300 meV, relative spectral width 0.5−2%) at
the Helmholtz−Zentrum Dresden−Rossendorf as a radiation
source.22,23 Commercially available platinum−iridium-coated
cantilevers with nominal resonance frequency of 170 kHz and
radius below 50 nm are used. The sample topography was
recorded in true noncontact AFM mode simultaneously with
the s-SNOM signals, mercury−cadmium−telluride (MCT)
detectors were employed for the s-SNOM measurements.
A topography image of our buried quantum dot sample is
shown in Figure 2b. Signatures of several overgrown quantum
dots appear as structures of 2 nm height and lateral dimensions
of 100 nm × 300 nm. We note that this does not resemble the
shape of the quantum dots, rather the ﬂattened, enlarged, and
elongated along the [1 ̅10] direction shape is a typical result of
the overgrowth process.24 From the growth conditions and the
PL spectra we conclude that the buried dots are lens shaped
with typical base dimensions of ∼25 nm and a height of 3−4
nm.15,17 At an excitation energy of 85 meV, the individual
quantum dots clearly appear as well-separated dark areas in the
s-SNOM image. At slightly larger energies (91 meV), three dots
marked with circles are still barely visible, while the other dots,
which are clearly visible in the upper part of Figure 2c,
disappear. This energy dependence rules out that the observed
s-SNOM contrast is a topography artifact. Furthermore it is an
indication that the intersublevel separation, which diﬀers
slightly from dot to dot, is responsible for the contrast. To
corroborate this further, the photon energy was scanned over a
range of 20 meV while monitoring the single quantum dot
behavior. In Figure 3, the normalized near-ﬁeld contrast deﬁned
as C = (Sdot − Sno_dot)/Sno_dot is plotted as a function of the
excitation energy. Here Sdot is the near-ﬁeld signal recorded
over the buried quantum dot, while Sno_dot denotes the
reference signal recorded far away from a buried quantum
dot. In both cases, the near-ﬁeld signal is demodulated at the
second harmonic of the cantilever oscillation. The measured
data can be ﬁtted with a Lorentzian function centered at 84 ± 1
meV with a full width at half-maximum (fwhm) of 8 ± 2 meV.
Figure 1. Simpliﬁed scheme of conﬁned states in the conduction band
(CB) and valence band (VB) (a). The conduction band states
classiﬁed as s-p-d levels exhibit a 1-2-3 fold near-degeneracy,
respectively. The transitions observed by photoluminescence spec-
troscopy are indicated as red arrows. Photoluminescence spectrum
obtained at a sample temperature of 15 K (b).
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Theoretically maximum s-SNOM signals are expected at
energies, where the real part of the dielectric function reaches
a minimum, that is, at slightly higher energies as compared to
the peak position of an absorption line. Hence the observed
resonance in the s-SNOM signal can be consistently attributed
to the p-d intersublevel transition. Any other contrast
mechanism arising, for instance, from strain eﬀects or a local
change in the dielectric constant caused by the diﬀerent
phononic properties of InAs dots and the GaAs matrix, can be
ruled out since the reported near-ﬁeld contrast is resonant
within a narrow energy band only. We note that the p-d
intersublevel transition is enabled in the doped dots by the
ﬁnite population in the p-level at room temperature.
Next we discuss s-SNOM signals for the excitation at
energies around the s-d intersublevel transition. Line scans were
performed in one lateral dimension only while the photon
energy was changed slightly for subsequent scans. The results
of these measurements are shown in Figure 4a. Three quantum
dots become clearly visible when the sample is excited at
around 122 meV. Again the lateral position of the s-SNOM
signals is consistent with the topography signal observed by
AFM (not shown). The normalized contrast of a single dot is
displayed in Figure 4b. Here the ﬁt reveals a position of 123 ±
1 meV and a fwhm of 5 ± 2 meV. Again the peak position is
blue shifted with respect to the s-d level separation obtained by
the PL measurement. We attribute the signiﬁcantly smaller
normalized contrast as compared to the p-d transition to the
smaller oscillator strength of the transition. For atomic levels as
well as for a harmonic Fock model the s-d transition is parity
forbidden. In more realistic eight band k·p models25 and
calculations based on density functional theory,26 however, this
transition has a nonvanishing oscillator strength. Correspond-
Figure 2. Principle of s-SNOM on buried InAs quantum dots (a) The arrows on the tip and the quantum dot indicate the interacting polarization
dipoles. Topography as recorded by AFM (b), and s-SNOM images (second harmonic) of the same location recorded at two diﬀerent photon
energies (c,d). The dotted circles mark the positions of three dots that are clearly visible as surface mounds in the topography scan (b) and in the
near-ﬁeld signal using 85 meV excitation (c), but only weakly visible in using 91 meV excitation.
Figure 3. Near-ﬁeld contrast of a single quantum dot excited at
energies around the p-d intersublevel transition. The dots represent
measured data and the solid line is a Lorentzian ﬁt to the data with a
fwhm of 8 ± 2 meV.
Figure 4. Line scans at diﬀerent photon energies showing three
quantum dots excited around the s-d intersublevel transition (a). Near-
ﬁeld contrast of a single quantum dot excited at energies around the s-
d intersublevel transition (b). The dots represent measured data and
the solid line is a Lorentzian ﬁt to the data.
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ingly s-d transitions have frequently been observed at energies
around 120 meV in self-organized InAs quantum dots.13
We did not observe near-ﬁeld contrast in the energy range
35−55 meV, where the s-p intersublevel transition is expected.
We suggest that the absorption due to the GaAs reststrahlen
region (absorption coeﬃcient >100 cm−1 between 31 and 39
meV27) prevented the observation of s-SNOM contrast caused
by the dots. The absorption not only reduces the transmission
through the capping layer, more importantly it results in local
heating of the crystal lattice. The heating in turn reduces the
electronic absorption in the quantum dots, since it results in a
distribution where the s- and p-level could be almost equally
populated.
The linewidths of single-dot transitions observed in our s-
SNOM experiments of ∼5 and ∼8 meV for s-d and the p-d
transitions, respectively, are signiﬁcantly below the inhomoge-
neously broadened line width (∼30 meV) observed in the PL
measurements. Several processes contribute to this homoge-
neous line width. At room temperature, the most important
process is scattering by longitudinal optical phonons. We expect
the induced broadening to be comparable or somewhat less
than for interband transitions, where homogeneous broadening
of about 10 meV is observed,28 which is consistent with our
present observation. Further broadening may be expected to
arise from anisotropy splitting of the excited states, which could
be diﬀerent for p and d-levels. Additionally the quantum
conﬁned Stark eﬀect induced by ﬂuctuating charges surround-
ing the quantum dots, for example, at the δ-doped layers, may
contribute to the line broadening. However, from theoretical
studies this eﬀect is expected to contribute less than 1 meV to
the line broadening.29 A comparison of our s-SNOM results
with the results of the local absorption spectroscopy by Houel
et al.13 and Sauvage et al.14 further corroborates this
interpretation: by local absorption spectroscopy homogeneous
linewidths of 2.5 and 10 meV were observed for the s-p and the
s-d intersublevel transitions, respectively.
At low temperatures, the carrier lifetime resulting from
polaronic coupling depends strongly on the electron
energy.10,30 Dephasing times for the s-p transition (∼53
meV) of almost 100 ps have been observed at low temperatures
for ensembles of InAs quantum dots.31 This corresponds to a
homogeneous line width of 15 μeV, which increases to 150 μeV
as the temperature is raised from 10 to 120 K. We expect that
extending our s-SNOM study to low temperatures will be of
great interest as it will allow us to study the homogeneous line
width on a single dot level and therefore provide new insights
into the microscopic processes. We point out that these
processes correspond to quite a diﬀerent and basically
unexplored regime as compared to the study of single undoped
quantum dots in micro-PL experiments. Because of doping,
both the carrier−carrier scattering as well as the polaronic
interaction of electrons and phonons diﬀer signiﬁcantly from
the excitonic behavior observed in PL experiments on undoped
quantum dots.
The spatial resolution in our experiment measures ∼100 nm,
corresponding to a subwavelength resolution of ∼λ/150. For
objects at the surface, the spatial resolution of s-SNOM is
basically determined by the tip diameter.21 It has been shown
that objects can also be resolved if they are buried under
capping layers of a thickness comparable to the tip
diameter.19,22,32 In this case, the contrast is reduced and the
spatial resolution blurred. Quantitatively the resolution in a
certain depth can be approximated by the resolution at the
surface plus the thickness of the capping layer (50 nm + 70 nm
in our case).32 It has been pointed out previously that s-SNOM
is extremely sensitive in the infrared and terahertz spectral
range.33 In a study on semiconductor nanodevices, it has been
shown that the Drude absorption stemming from a few
hundred electrons in the volume probed by s-SNOM provides
the near-ﬁeld contrast.33 Our experiment involving bound-to-
bound transitions of quantum-conﬁned electrons demonstrates
directly the intriguing opportunity to visualize one or two
electrons in a probe volume of the order of (100 nm)3.
While our results clearly point to electronic intersublevel
transitions being responsible for the s-SNOM contrast observed
at resonant energies, we do not provide a quantitative
theoretical description. To this end, modeling of the local
polarizability of the tip and the sample is required. For the
sample a realistic description of the complex dielectric function
in the infrared is needed locally, which is beyond the scope of
the present study. For a sample, which is large compared to the
tip diameter and the tip−sample distance, the dipole model
predicts increased near-ﬁeld amplitudes, when the real part of
the dielectric constant becomes negative.21 Hence, one could
expect increased s-SNOM amplitudes for excitation energies
slightly above the central energy of a pronounced absorption
line. In our experiment, however, we observe a decrease of the
s-SNOM signal from the dots, when they are excited around
the electronic resonances. We attribute this to a particle size
eﬀect. For InGaAs nanoparticles on GaN it has been found that
InGaAs particles of 100−200 nm diameter yield increased s-
SNOM signals as expected from the dielectric constant. On the
other hand, imaging particles of 10−20 nm diameter, which is
smaller than the tip diameter, results in an inverted contrast,
that is, in this case the s-SNOM amplitude from the
nanoparticle is smaller as compared to the signal from the
surrounding GaN.34 Similar contrast reversal has been observed
for gold and polystyrene nanoparticles on Si.35 Furthermore
this behavior has been found for vibrational absorption in Si3N4
nanoislands and explained by a model that takes into account
the changes in the dielectric constant on a nanometer scale.36
The striking contrast reversal can be understood in the
following way: for particles smaller than the tip diameter, the
dipole coupling between the tip and particle becomes very
small. On the other hand, the particle eﬀectively reduces the
coupling between the tip and the surrounding substrate,
resulting in a reduced signal when the tip is above the particle.35
Since our quantum dots are smaller than both the tip diameter
and the tip-dot separation, a contrast reversal due to the
nanosize eﬀect can be expected, which is accord with our
experimental ﬁndings.
In conclusion, we have shown that s-SNOM is capable to
clearly resolve signals from single overgrown semiconductor
quantum dots. The near-ﬁeld contrast corresponds to
electronic intersublevel transitions. The homogeneous line
width of 5−8 meV, which is well below the inhomogeneously
broadened width for transitions of an ensemble, reﬂects the
rapid dephasing at room temperature as well as the anisotropy
splitting of the excited states. Extending these studies toward
lower temperatures opens up fascinating new possibilities to
investigate the dephasing mechanisms on a single-dot level for
doped quantum dots.
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The impact of individual slow highly charged ions (HCI) on alkaline earth halide and alkali halide
surfaces creates nano-scale surface modifications. For different materials and impact energies a wide
variety of topographic alterations have been observed, ranging from regularly shaped pits to nano-
hillocks. We present experimental evidence for the creation of thermodynamically stable defect
agglomerations initially hidden after irradiation but becoming visible as pits upon subsequent etching.
Awell defined threshold separating regions with and without etch-pit formation is found as a function of
potential and kinetic energies of the projectile. Combining this novel type of surface defects with the
previously identified hillock formation, a phase diagram for HCI induced surface restructuring emerges.
The simulation of the energy deposition by the HCI in the crystal provides insight into the early stages
of the dynamics of the surface modification and its dependence on the kinetic and potential energies.
DOI: 10.1103/PhysRevLett.109.117602 PACS numbers: 79.20.Rf, 34.35.+a, 61.80.Jh
Studies of the interactions of slow (v < vBohr), highly
charged ions (HCIs) with solid surfaces were originally
aimed at gaining an understanding of the dynamical pro-
cesses governing neutralization, relaxation, and eventual
dissipation of the very high potential energy density
(! keV= !A3) within a few femtoseconds ([1] and referen-
ces therein). This potential energy carried into the collision
is given by the sum of binding energies of all missing
electrons. More recently, the focus has shifted to
material-science driven applications, specifically to the
development of novel techniques for material modification
[2–5] and improved surface analysis [6,7]. Various types of
surface nanostructures such as nanosized hillocks, pits or
craters have so far been observed after the impact of
individual HCI on different materials [8–11]. Their topog-
raphy, appearance, and long-time stability seem to depend
sensitively on the material properties as well as on the
potential energy (charge state) and kinetic energy of the
incident ion (for a recent review see Ref. [12]).
Surprisingly, even for very similar prototypical wide-
band-gap insulators, ionic crystals of alkali halides and
alkaline earth halides, vastly different and seemingly con-
tradictory results have been found. Irradiation of KBr
single crystals by individual highly charged Xe ions leads
to the formation of pits of one atomic layer depth [11]
while irradiation of CaF2 single crystals produces nano-
meter high hillocks protruding from the surface [8]. In both
cases the surface nanostructures were shown to be the
result of individual ion impacts; i.e., every structure is
caused by the impact of a single ion and a threshold value
for the potential energy of the projectile has to be surpassed
before the nanostructure can be observed. However, while
for KBr this threshold potential energy for pit formation
strongly decreases with increasing kinetic energy of the
HCI [11], for hillock formation in CaF2 only a slight yet
noticeable increase with increasing kinetic energy is ob-
served [8].
In this Letter we present experimental evidence which
supplies the missing pieces to this puzzle and allows us to
construct a phase diagram as a function of kinetic and
potential energies for the formation of different nanosized
defect structures in CaF2. In addition, simulation of the
early stages of dissipation of the energy deposited by the
HCIs reveals characteristic differences in the relaxation
dynamics as a function of potential and kinetic energies
which can be considered to be the precursors of the even-
tual formation of different stable surface structures. The
key is the search for previously unobserved ‘‘hidden’’
surface structures after irradiation by ions with potential
energies below the threshold for nano-hillock formation.
By etching the samples we discover a second threshold at
lower potential energy above which CaF2 undergoes a
nanoscale structural transformation even though it is not
evident as a topographic change. It becomes, however,
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visible in the form of triangular pits after chemical etching.
This threshold depends on both the potential and the ki-
netic energies of the HCIs closely resembling the threshold
behavior found for pit formation on KBr. Accompanying
molecular dynamics simulations suggest this second
threshold to be associated with lattice defect aggregation
in CaF2 following electronic excitations caused by the
HCI-surface interaction.
Thin platelets of CaF2 were prepared by cleaving a high
purity single-crystal block grown from melt in an inert
atmosphere along the (111) plane. This cleavage is known
toproduce atomicallyflat fluorine-terminated surfaceswhich
are ideal for observing surface topographic changes down to
the nanometer scale [13]. 129Xeqþ ions were extracted from
the electron beam ion trap at the Two-Source-Facility of the
Helmholtz-Zentrum Dresden-Rossendorf using an electro-
static potential of 4.5 kV. By using a two stage deceleration
system and adjusting the potential difference between source
and target from4.5 kVdown to 0.18 kV, highly chargedXeqþ
projectiles over a wide range of charge states (10 # q # 33,
corresponding to potential energies of 0:8 keV # Epot #
21:2 keV) and kinetic impact energies (6 keV # Ekin #
150 keV) could be produced. The applied ion fluences
were chosen between 0.5 and 5$ 108 ions=cm2, small
enough to avoid overlapping of impact sites and high enough
to obtain reasonable statistics. The time averaged current
density varied between !104 and !3$ 105 ions=s=cm2
as derived from the ion count rate and a circular beam spot
with a diameter of 6 mm. The surfaces of the irradiated
samples were investigated using atomic force microscopy
(AFM) (Veeco Multimode). The AFM was operated in con-
tact mode with a constant loading force of less than 5 nN
using nonconductiveSi3N4 sensors (Veeco Instruments)with
cantilevers of force constants!0:1 Nm. The image process-
ing was performed using the WSXM software [14]. Ion-
irradiated CaF2 samples were chemically etched using a
HNO3 solution (10% vol.) at room temperature without
agitation [13]. Each platelet was immersed once in the
etchant, subsequently in deionized water, and was finally
dried in a stream of dry nitrogen. It should be emphasized
that we use much shorter etching times te than applied
in standard etching techniques. For the latter, typically
te * 1 minute yields etch pits even starting from randomly
occurring atomic-scale dislocations and much of the sensi-
tivity to hidden defect aggregates would be lost. Due to the
dramatically enhanced etching speed in regions with a high
defect density caused by the HCIs (! 20 nm=s compared to
a regular lateral etching speed of less than 3 nm=s [13]), te ¼
10 s turned out to be the optimum etching time combining
good visibility of etch pits in AFM while selecting only
defect clusters created by HCI impact. The presented struc-
tures with dimensions in the range of a few 100 nm in lateral
and vertical direction are by far larger than the topographic
resolution of the ambient AFM in contact mode.
The observation of a pattern of well-defined irradiated
and masked areas (Fig. 1) for 150 keVXe33þ ion impact on
CaF2 (111) is direct evidence of HCI induced surface
defects which can be clearly distinguished from randomly
occurring dislocations and surface damage. In irradiated
areas, etch pits of regularly structured 3-faced symmetric
triangular depressions appear which are similar to those
observed after irradiation and etching of BaF2 [15]. This
particular geometrical shape originates from the (111)
crystal lattice orientation of the CaF2 sample [13]. The
number of pits is in good agreement with the applied ion
fluence; i.e., each etch pit is created by a single ion impact.
We suppose the pits are localized at the sites where HCI
impact created hillocks were situated prior to etching. The
charge state (q ¼ 33) of the incident ion corresponds to a
potential energy well above the threshold for nanohillock
formation.
Lowering the charge state to values below the potential
energy threshold for hillock formation (qth & 28 for Xe;
Epot ¼ 12 keV) reveals the appearance of similar pits in
the absenceof precedinghillocks (Fig. 2).At the samekinetic
energy of Ekin ¼ 40 keV for ‘‘low’’ charge states (q & 18)
no damage of the etched surface is visible, whereas at
a higher charge state (q ¼ 25, Epot ¼ 8:1 keV) etch pits
appear.
In order to investigate the influence of both potential and
kinetic energies on etch pit formation, we performed sys-
tematic irradiations with 129Xeqþ projectiles of different
charge states (q ¼ 10 to 33) and with varying kinetic energy
on CaF2. The resulting thermodynamically stable damage
structures andmodifications can be summarized by a ‘‘phase
diagram’’ with potential and kinetic energies as state varia-
bles (Fig. 3). Three different phases pertaining to surface
FIG. 1 (color online). AFM topographic image (50$ 50 !m2)
of a CaF2 surface showing etch pits after exposure to 150 keV
Xe33þ ions. The sample was irradiated through a mask (indicated
by dotted lines) and subsequently chemically etched using
HNO3. The inset in the upper left corner shows a magnification
of the etch pits (1:5$ 1:5 !m2).
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restructuring can be distinguished: the stability region A
without detectable surface modification after HCI impact
[Figs. 2(a) and 2(d)], region B in which defect clusters
become visible as regularly shaped pits only upon etching
[Figs. 2(b) and 2(e)], and the nanohillock regionC [Figs. 2(c)
and 2(f)] in which hillocks resulting from nanomelting can
be observed after irradiation. The nanomelting arises from
the transfer of high local energy density during HCI impact
and is followed by a rapid quenching resulting in the
formation of a hillock-like structure (nanohillock) [8]. Pits
appear in phase C only after etching presumably at the
positions of the hillocks which could not be found on the
etched surface.
While the threshold for hillock formation strongly de-
pends on potential energy but only weakly on kinetic
energy [8,12] implying an almost vertical boundary of
region C in Fig. 3, the border separating the stability region
A and the defect agglomeration region B (etch pits) is
strongly dependent on both kinetic and potential energies.
Ions with lower kinetic energy require more potential
energy to create etchable damage than faster ones. Such
synergistic effects of kinetic and potential energies have
previously been observed for pit formation in KBr [11],
however, with the difference that no chemical etching was
a prerequisite for the pits to be observed. This may be
related to the much higher defect mobility in KBr than in
CaF2 leading to a more efficient transport of defects to the
surface immediately followed by material desorption.
These experimental findings suggest a scenario for nano-
structure formation on alkaline earth halides and alkali
halides involving initial heating of electrons by multiple
electron transfer and Auger relaxation, hot electron transport
and dissipation with accompanying lattice heating by
electron-optical phonon coupling, and finally atomic motion
in the heated crystal which results in dislocations, defects,
and structural weakening of the cooled lattice. The early
stages of defect formation can be simulated within a three-
stepmodel exploiting disparate time scales of the underlying
processes: the initial electronic energy deposition of the
HCIs occurring on the (sub) femtosecond time scale can
be described by the classical-over-barrier model [16],
the hot electron transport and lattice heating occurring on
a sub-picosecond time scale by classical electron-transport
simulations [17], and finally the atomic motion by a
molecular-dynamics (MD) simulation which we follow for
up to 15 ps [18]. It should be noted that accurate potential
surfaces for ionic crystals, in particular, in the presence of
excitations and charge transfer entering the MD simulation,
are not available. Following the system on longer time scales
and reaching the regime of formation of thermodynamically
stable phases is, thus, not possible. Our simulation results
can therefore provide only qualitative, yet important,
insights into the early stages of defect formation and aggre-
gation. The following qualitative trends can be readily
extracted. For HCIs in ‘‘low’’ charge states (Fig. 4, left)
only a few (i.e., low density) individual defects (point
defects, single vacancies) are created at or below the surface,
where we take the distance individual fluorine atoms travel
during!15 ps as measure for the eventual defect formation
probability. These defects either remain below the surface,
easily anneal or are too small to be detected by means of
AFM. Since the etchability of CaF2 is strongly coupled to
the creation of large defect aggregates [19] rather than to
point defects, no pits are observed after etching. Our MD
simulations do not yield any significant number of lattice
displacements for low q (well below !1%).
FIG. 2 (color online). Topographic contact-mode AFM images
of CaF2 (111) samples irradiated by 40 keV Xe ions in different
charge states (columns): (a), (d) Xe18þ, (b), (e) Xe25þ, and (c),
(f) Xe33þ. In each frame an area of 1 !m$ 1 !m is displayed.
Upper row: resulting images without etching (a), (b), (c). Lower
row: images after etching by HNO3 (d), (e), (f). Ion fluences
were 2$ 108 ions=cm2 for (e), (f) and 1–2$ 109 ions=cm2 for
(a), (b), (c), (d).
FIG. 3 (color online). Hillock and etch pit formation on CaF2
(111) induced by irradiation with highly charged Xe ions. Full
(open) green circles show pairs of potential and kinetic energies
where hillocks are produced (absent) after irradiation, full (open)
red triangles indicate pairs where pits are present (missing) after
etching the irradiated samples.
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For larger q and, correspondingly, larger potential
energy, the sputtering yield [20] as well as the density of
defects (excitons, color centers, Ca enriched regions due to
F2 formation) strongly increase. The latter is now large
enough to lead to defect clusters and aggregates (Fig. 4,
center column). Depending on their mobility, defects may
diffuse to the surface, leading to defect-mediated desorp-
tion [21] and thus form (monoatomic) pits as observed in
the case of the alkali halide KBr [11]. The defect-mediated
desorption mechanism is less probable in CaF2 since color
center recombination below the surface is much more
likely [22] due to the small energy gain of color center
pair formation as well as the formation of more complex
(and therefore immobile) defect agglomerates [23,24]. The
material in the vicinity of the impact region is not ablated
but structurally weakened and forms the nucleus of an
etchable defect subsequently removed by a suitable etchant
[15]. The synergistic effect induced by the accompanying
kinetic energy originates from kinetically induced defects
created in the collision cascade which enhance the trapping
of the color centers created by potential energy [25] and
therefore increases defect agglomeration. Consequently,
the borderline between the regionsA (stable) andB (etchable
surface defects) has a negative slope in the phase diagram
(Fig. 3). While our MD simulation cannot directly account
for the defect cluster formation (due to the lack of realistic
binary potentials for color centers and charge-exchanged
constituents), it shows in the regime of phase B atomic
displacements of the order of a few percent of the impact
region, the overwhelming majority of which are fluorine
atoms (Fig. 4, center). This is believed to be a necessary
precursor for defect aggregation.
At still higher potential energies (Fig. 4, right column),
heating of the lattice atoms by primary and secondary
electrons from the deexcitation of the HCIs surpasses the
melting threshold of the solid [8,18]. Heat and pressure
deforms the surface and after rapid quenching a hillock
remains at the surface. With increasing kinetic energy, the
region where the potential energy of the HCIs is deposited,
extends slightly deeper into the target [8]. Therefore, the
kinetic energy dependence of the borderline between the
region of nanohillock formation (region C) and defect
clustering without protrusion (region B) is only weak
with a slightly positive slope. The overall surface damage
(lattice distortion, defect aggregations) extends well beyond
the molten core. While the latter determines the diameter
of the hillock, the former determines the size of the nucleus
of the etch pit. Within the MD simulations a much larger
number of displacements (! 25%) is observed in region C,
a significant fraction of which are calcium atoms.
Even though the present scenario is demonstrated specifi-
cally for CaF2, we surmise that it should hold for other
halide crystals as well. While borderlines between different
regions A, B, and C will, of course, depend on the specific
target material, we expect the phase diagram (Fig. 3) to
remain qualitatively valid. For BaF2 (111) and KBr (001),
for example, we have previously observed the A and B
phases [15,26]. The phase diagram predicts that by further
increasing the potential energy of the HCIs we should
be able to reach regionC, i.e., hillock formation (or melting)
in line with first indications for hillock formation on
BaF2 [27].
In summary, we have established a phase diagram for
stable nanoscale surface modification of alkaline earth
halides and alkali halides by highly charged ion impact
with its potential and kinetic energies as control parame-
ters. In addition to the region of predominantly potential
energy driven melting and hillock formation, a second
region was identified in which a sufficient number of
defects agglomerate such that chemical etchants are able
to remove material leaving triangular shaped pits on the
surface. The etchability of the defect cluster not only
depends on the potential energy of the HCIs but also
strongly on the kinetic energy of the projectile. This sce-
nario seems to be generally applicable to other alkaline
earth and alkali halide surfaces as well.
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FIG. 4 (color online). Scenario for surface modification as a
function of charge q or, equivalently, potential energy of the
HCIs. Upper row: the charge state controls the created surface
modification from nonetchable single defects (low q) to defect
aggregates (medium q) and to locally molten zones (high q),
schematically. Lower row: AFM images. Center row: typical
results of molecular dynamics simulations showing that the
initial electronic excitation of the surface and energy transfer
to the lattice leads to a considerable number of displacements
(center column) even before melting of the surface sets in
(right column); center figures created using AtomEye [28].
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Tilting of carbon encapsulated metallic nanocolumns in carbon-nickel
nanocomposite films by ion beam assisted deposition
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The influence of assisting low-energy (!50-100 eV) ion irradiation effects on the morphology of
C:Ni (!15 at. %) nanocomposite films during ion beam assisted deposition (IBAD) is investigated.
It is shown that IBAD promotes the columnar growth of carbon encapsulated metallic
nanoparticles. The momentum transfer from assisting ions results in tilting of the columns in
relation to the growing film surface. Complex secondary structures are obtained, in which a
significant part of the columns grows under local epitaxy via the junction of sequentially deposited
thin film fractions. The influence of such anisotropic film morphology on the optical properties is
highlighted.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739417]
Nanocomposites (NCs) are heterogeneous materials,
wherein the lateral extension of at least one component is
smaller than !100 nm.1 Interface, size and shape effects syn-
ergistically influence their properties on the macro-scale. For
NC films, this leads to new properties and new functional-
ities which cannot be predicted from those of the constituting
phases alone.1 Therefore, the control over the NC film
microstructure and morphology is of utmost importance.
Thin film growth includes many interacting kinetic proc-
esses (surface and bulk diffusion, repeated nucleation (RN),
shadowing, surface reaction, etc.) which are influenced by
external parameters such as temperature or growth rate.2,3
Ion irradiation during growth is widely employed to influ-
ence the thin film microstructure.4,5 On one hand, ions pro-
vide an amount of energy per incorporated material atom of
the order of !1-100 eV per atom.6 This energy is much
larger than that provided by any other process such as solidi-
fication, recrystallization, interface energy minimization,
thermal activation, phase transformation, etc. which is
around or below !1 eV/atom.6 This property of ion irradia-
tion has been broadly explored to influence thin film charac-
teristics by densification, interface mixing, enhanced phase
separation, and/or enhancement of ad-atom mobility.2 On
the other hand, directionality due to momentum transfer is
another specific property of ion beams. It allows a high level
of biaxial crystallographic texturing on polycrystalline or
even amorphous substrates as has been demonstrated for me-
tallic or ceramic thin films.7–10
In contrast to single phase thin films, the microstructure
of nanocomposites is not only determined by the interplay of
nucleation, surface and bulk diffusion processes but also by
phase segregation.11–13 Recent studies have shown that under
oblique incidence, ionized physical vapour deposition
(iPVD) can simultaneously induce self-organization of the
separating phases into multilayers with well defined perio-
dicity and tilting of this layered phase structure in relation to
the growing film surface.14,15 However, the ion effect is
entangled in the structure formation in a complex manner as
the energetic species are also film forming species them-
selves. A systematic study of the effects of the assisting ion
irradiation acting as a pure energy and momentum transfer
agent on the phase morphology of NCs is lacking.
In this letter, we report another type of the ion energy
and directionality effect which occurs during the growth of
nanocomposite C:Ni films. We demonstrate that ion
enhanced surface mobility due to energy transfer reduces RN
of metal rich nanoparticles (NPs) thus enhancing the colum-
nar growth. Moreover, the momentum transfer induces a sur-
face atomic drift which results in tilting of metal rich
nanocolumns in relation to the advancing film surface. The
tilting effect does not depend on the metal phase (nickel car-
bide or fcc nickel). The possibility of sculpting by changing
the ion beam direction with respect to the film surface is
demonstrated and the influence of such anisotropic structures
on the optical properties is highlighted. The technique holds
great potential for large-area fabrication of metamaterials.
The C:Ni (!15 at. %) NC films were grown by IBAD.
A 6 in. graphite target covered by a 1.5mm wide Ni stripe
was sputtered at an off normal angle of !22" by an Arþ
beam of 1 keV ion energy and 40 mA beam current produced
with a 3 cm Kaufmann type ion source (IonTech, Inc.). The
sputtered atoms were deposited on a 2$ 2 cm2 Si (100) or
SiO2 (!0.5 lm)/Si substrate positioned on a heatable sample
holder (for more details see Refs. 16 and 17). The growing
film was irradiated at an oblique incidence of !58" relative
to the surface normal by an assisting Arþ ion beam (energy
50-100 eV, total beam current of 9 mA) produced by a 4 cm
3-grid Kaufmann type ion source ISQ40K-F (Ion-Tech
GmbH, Germany). The focusing grid optics results in an
irradiated area with a lateral dimension of !20mm. Thea)Electronic mail: matthias.krause@hzdr.de. Tel.: þ49-351-260-3578.
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estimated Arþ ion to atom ratio is !50. The base pressure in
the deposition chamber was (1.36 0.3) $ 10%5 Pa. The sub-
strate temperatures were !60 "C, !300 "C and 500 "C, and
the deposition time was 1 h if not differently specified. The
film composition and areal density were determined by Ruth-
erford back scattering (RBS). The phase structure was ana-
lyzed by x-ray diffraction (XRD) measured using a D-5000
(Bruker-AXS) diffractometer with Cu Ka (1.5406 A˚) radia-
tion in a h-2h configuration. The film microstructure was
analysed by cross-sectional transmission electron micros-
copy (XTEM, microscope Titan 80-300 (FEI)). Two differ-
ent cross sections were prepared for each sample: one was
oriented perpendicular to the plane of ion incidence, the
other one parallel to it, thus including the ion direction. The
film morphology was determined by grazing incidence small
angle x-ray scattering (GISAXS). Two-dimensional (2D)
GISAXS measurements were recorded by a 2D position sen-
sitive detector (Pilatus 100 k from Dectris, Ltd.) at the Ros-
sendorf Beamline ROBL BM 20, ESRF, Grenoble, France.
The x-ray beam with a wavelength of 0.689 A˚ at the inci-
dence angle of ai¼ 0.125" (larger than the critical angle of
total external reflection) was used. The optical response of a
number of characteristic samples was measured using visible
and mid-infrared (MIR) ellipsometry. Measurements were
taken at orthogonal planes of incidence, either perpendicular
or parallel to the direction of ion irradiation. Variable-angle
of incidence (55", 65" and 75" from the normal) MIR meas-
urements were performed using a custom-built Fourier-trans-
form infrared (FTIR) spectroscopic ellipsometer, in the
spectral range from 1500 to 7000 cm%1.
The C:Ni NC thin films contain 836 2 at. % C, 156 1
at. % Ni, 26 1 at. % Ar independently on the ion energy and
the growth temperature. Traces (!0.15 at. %) of a heavy ele-
ment with a mass close to that of W are found in all the sam-
ples, most probably originating from the tungsten filaments
of the ion sources. The thickness and the areal density of the
films grown without ion assistance at 60 "C and 300 "C are
61 nm (Fig. 1(a)) and 6.4$ 1017 cm%2 and 6.0$ 1017 cm%2,
respectively. With ion irradiation, the thickness and the areal
densities of the C:Ni films grown at 60 "C are (486 3) nm
and (5.76 0.6)$ 1017 cm%2, independently on the specific
ion energy. The lack of preferential material loss effects
hints towards ion induced/enhanced desorption instead of
sputtering. The combined effect of thickness (%20%) and ar-
eal density (%12%) reduction at constant atomic composition
can be attributed to ion induced densification. The C:Ni
IBAD films deposited at 50V ion energy at 300 "C and
500 "C have a thickness of 52 nm and 55 nm as well as areal
densities of 3.9$ 1017 cm%2 and 4.3$ 1017 cm%2. This indi-
cates a higher loss rate and a less dense film structure than
for deposition at 60 "C.
Without ion assistance, the microstructure of C:Ni NC
thin films grown at !60 "C consists of homogenously distrib-
uted spherical Ni3C particles in an amorphous carbon matrix
(Fig. 1(a)). This is similar to the observations in the litera-
ture13,16,18 and is consistent with a RN dominated growth re-
gime.2,16 IBAD promotes the columnar growth (Fig. 1(b)).
The TEM cross section parallel to the ion plane of incidence
reveals that columns are formed throughout the entire thin
film. These are not oriented perpendicular to the film surface
but tilted (Fig. 1(c)). The nanocolumn diameter of
(1.86 0.2) nm is the same as that of the particles in C:Ni
NCs grown without ion irradiation. The tilt angle of the
nanocolumns at a constant deposition temperature of 60 "C is
(136 5)" for ion energies of 50%100 eV. The nanocolumns
grown at !100 eV ion energy exhibit the largest aspect ratio
and the highest degree of parallel orientation of all tilted
nanocolumns prepared in the parameter field of this study.
The spherical-columnar transition can be attributed to the
enhanced surface mobility due to the energy transfer from
the assisting ion beam equivalent to the temperature
increase.2,16,19 The observed tilt hints towards an ion-
induced atomic drift along the growing film surface.
At constant ion energy of 50 eV, the increase of the dep-
osition temperature from 60 "C via 300 "C to 500 "C has sig-
nificant effects on the film morphology (Figs. 2(a)–2(c)): (i)
the diameter of the nanocolumns increases with temperature
from 1.8 nm via 3.8 nm to 17 nm, (ii) the inter-particle dis-
tance increases from !4 nm at 60 "C, via !7 nm at 300 "C to
!25 nm at 500 "C; and (iii) the tilt angle relative to the sur-
face normal of the film increases concomitantly with the
growth temperature from 16" via 25" to 38". These changes
are highlighted by fast Fourier transforms (FFTs) of the cor-
responding TEM images which show two asymmetric inten-
sity lobes due to column tilting (see insets of Figs. 2(a)–
2(c)). The decreasing reciprocal lattice vector represents the
increase in the inter-particle distance.
All C:Ni NC films deposited at 60 "C are x-ray amor-
phous. According to the HTEM analysis, they consist mainly
of amorphous and to a minor extend of crystalline Ni3C
nano-particles and -columns embedded in amorphous car-
bon. In the series deposited at the ion energy of 50V, the
C:Ni NC film grown at 300 "C shows the XRD pattern of
FIG. 1. XTEM images of C:Ni NC thin films deposited at !60 "C without
(a) and with (b) and (c) an assisting Arþ beam of 100 eV ion energy. Panel
(b) (panel (c)) shows the film cross section oriented perpendicular (parallel)
to the plane of ion incidence.
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Ni3C, while the diffraction pattern of fcc-Ni is found for the
film grown at 500 "C. Neither the x-ray diffraction patterns
nor the HTEM images show any ion induced texture. Note
the nickel surface enrichment and the partial graphitic order-
ing parallel to the nickel nanocolumns at 500 "C (Fig. 2(c)).
This effect is attributed to the phenomenon of metal induced
crystallization of carbon which is caused by activated bulk
diffusion at this high temperature.13,20 The partial graphitisa-
tion might account for the less dense film structure indicated
by the ratio of thickness and the areal density discussed
earlier.
2D GISAXS images represent essentially the Fourier
transformation (FT) of the density contrast autocorrelation
function. Taking into account that the incidence and scatter-
ing angles are small, the horizontal and vertical components
of the scattering vector q(qy,qz) are expressed as
q ¼ 2p
k
½sin 2hsccos asc; sin ai þ sin asc(: (1)
ai is the x-ray angle of incidence, asc and hsc are out-of-plane
and in-plane scattering angles, respectively (for more details,
see Ref. 14). The 2D GISAXS images from a macroscopic
sample region (!mm2) closely resemble the upper part of the
FFT patterns of the local area probed by TEM (Figs. 2(d) and
2(e)), confirming that the observed asymmetries are a global
property of the material. Within the incidence plane, the scat-
tering lobe at qy < 0 corresponds to columns tilted in the op-
posite real space direction, i.e. y > 0.21 For the given IBAD
conditions, GISAXS patterns allowed us to determine the
column tilting direction, which is towards the incoming ions.
Similar GISAXS patterns have been reported for tilted TiO2
columns grown by glancing angle deposition (GLAD).21
In analogy to the sculpted films produced by GLAD,22
more complex nanostructures have been produced. As an
example, a sequential deposition was carried out at 300 "C
with the Arþ energy of 50 eV. The sample was rotated by
180" after the first half. The resulting structure is characte-
rized by an almost complete match of Ni3C nanocolumns
and carbon rich regions at the junction between both parts of
the NC thin film (Fig. 3). It resembles a timber frame struc-
ture on a nanometre scale. The nanocolumns keep their tilt
angle with an accuracy of 61". Despite the fact that the vac-
uum chamber was vented to rotate the sample around its nor-
mal in between the sequential depositions, about 30% of the
tilted nanocolumns grow under local atomic epitaxy across
the junction. This is illustrated in detail for the (113) crystal
planes of one Ni3C column (Fig. 3(b)). Another epitaxial
nanocolumn junction is shown at the very right edge of the
same figure.
In order to discuss the growth mechanisms which are
responsible for the observed microstructure, it has to be
distinguished between the effect of the energy transfer that
is responsible for the enhanced columnar growth at
FIG. 2. Film morphology measured by XTEM ((a)-(c)) and GISAXS ((d)-
(f)) of C:Ni films grown with an assisting Arþ beam of 50 eV ion energy at
!60 "C (a) and (d), at 300 "C (b) and (e), and at 500 "C (c) and (f). The
insets in ((a)-(c)) show the FT’s of the XTEM images. A logarithmic colour
scale was used in ((d)-(f)).
FIG. 3. XTEM analysis of a C:Ni NC timber frame. The sample was rotated
by !180" around its surface normal after the first half of the deposition, giv-
ing a total deposition time of 2 h. (a) Overview XTEM image (185 k magni-
fication). The arrows indicate exemplarily the areas of the Ni3C and the a-C
phase. (b) HTEM image (620 k magnification) highlighting the local epitax-
ial growth of Ni3C (113) crystal planes across the junction of sequentially
deposited film fractions. The insets show the FFTs of the corresponding
white squared areas.
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temperatures, where bulk diffusion is negligible, i.e.,
)300 "C, and that of the momentum transfer that results in
nanocolumn tilting at all deposition temperatures. The
growth of the NC films is essentially a phase separation
assisted by thin film growth processes, such as deposition,
nucleation, surface and bulk diffusion, epitaxy, etc.2,11,23
The observed NP coarsening with the growth temperature is
consistent with temperature enhanced diffusion.23,24 Higher
diffusivity allows longer average diffusion paths before the
atoms are covered by depositing species.23
RN is due to the formation of a covering layer, blocking
further growth. This can be due to segregation of one of the
components, changes in composition or phase during growth,
chemical reaction etc. A high RN rate results in the spherical
or elongated spherical NP shape in C:Ni NC grown without
ion irradiation at temperatures )300 "C.16 In general, the fol-
lowing surface diffusion processes are of high relevance for
controlling the morphology of metal-rich (metal or metal-
carbide) NPs: (i) matrix atom diffusion on the metal-rich
NPs, (ii) metal diffusion on the carbon matrix, and (iii) metal
and matrix atoms approaching and crossing the NP/carbon
interface. A recent study on the substrate influence on the Ni
nanocolumn morphology in C:Ni films has shown that the
process (i) is not the limiting factor.25 A comparison of mor-
phologies of carbon based nanocomposites grown at similar
conditions but employing different metals (V, Co, Cu) shows
that all the metals exhibit spherical NPs (RN regime) at RT,
copper showing the largest diameter.17 The diameter of Cu
at RT is similar to that of Co at a significantly higher temper-
ature of !300 "C.17 At this temperature, however, the colum-
nar growth takes place for both Cu and Co. In the former
case, NPs are spherical while in the latter NPs are columnar,
indicating different growth regimes at similar metal diffusiv-
ities. This implies that the process (ii) as well is not the driv-
ing one for RN. This discussion strongly suggests the
crossing of the Me/C interface as the limiting factor. This is
not surprising as carbon adatoms can start to form strong
covalent bonds with the adjacent C matrix atoms upon
approaching the phase boundaries. This significantly
increases the activation energy to jump across the boundary.
The growth of the carbon phase from the boundaries inwards
over the metal-rich NPs takes place. As a result, curved gra-
phenic sheets encapsulating metal-rich NPs are observed.26
Such overgrowth provokes RN of metal-rich NPs. On the
other hand, ion irradiation can easily break the covalent C-C
bonds thus facilitating the NP/C interface crossing probabil-
ity and enhancing the columnar growth even at low tempera-
tures. Such a scenario is consistent with the observations of
the current study (see Fig. 1).
The phenomenological tangent rule relating the column
tilting angle to the deposition angle due to shadowing for
GLAD (Ref. 22) is not relevant for the current process. This
is due to the fact that the no tilting is observed without ion
irradiation as the film forming species arrive almost perpen-
dicularly to the surface. Therefore, the effect is related to the
assisting ion irradiation. Also note, that the tilting direction
is opposite to that reported for self-organized multilayers
grown with iPVD conditions.14 For iPVD, the sub-plantation
of energetic depositing film forming species play a key role
resulting in the self-organized phase layering and tilting of
this layered structure.15 In the present case, the low energy
of Ar ions (!50 eV) implies even lower energy of Ni and C
recoils. Therefore, the recoil sub-plantation effects can be
neglected and the ion effects can be confined to the growing
surface with high level of confidence. We propose the fol-
lowing mechanism. Incident ions generate atomic recoils
with favored motion along the initial ion direction.27 For the
oblique incidence conditions, as in this work, there is a com-
ponent of this motion along the surface. This results in a bal-
listic drift of carbon and Ni ad-atoms. Let us consider the
surface of a metal-rich NP. Such a drift results in a flux of C
ad-atoms with an effective flux component along the ion
beam direction towards the NP edge. An accumulation of
carbon on the ion beam averted side of the NP occurs. Simi-
lar arguments are valid for Ni ad-atoms arriving from the
carbon matrix from the other side of the metal-rich NP,
resulting in metal accumulation on the opposite side of the
NP. This results in an asymmetric NP growth, which leads to
a tilt towards the ion beam. The number of drifting atoms is
proportional to the NP area, i.e., !r2, where r is the NP di-
ameter. The part of the NP circumference where the flux of
ad-atoms arrives is !r. The drift flux arriving at the Me/C
interface is proportional to the ratio of drifting atoms per
unit of the circumference and thus is proportional to !r.
Therefore, the drift effects are expected to be more pro-
nounced for larger NPs. This is consistent with the observed
temperature dependence of this study (Fig. 2).
The results of the ellipsometry measurements of two
samples deposited at 300 "C, with and without IBAD, are
shown in Fig. 4. The ellipsometric parameter tanW displayed
in this work is defined as the real part of the ratio of the
FIG. 4. Variable angle FTIR spectroscopic ellipsometry of two selected
C:Ni films grown at 300 "C: (a) grown without assisting ions, (b) grown
using assisting Arþ ions of 50 eV, for two orthogonal measurement planes,
and (c) the effective pseudo-refractive indices (hni solid lines, hki dashed
lines) extracted from the applied model.
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complex p- and s-polarized reflection coefficients.28 The
sample without IBAD showed no dependence on the mea-
surement plane of incidence. In contrast, the tanW values for
the IBAD sample in the MIR differed greatly depending on
whether the measurement plane was parallel or perpendicu-
lar to the ion incidence direction. This indicates anisotropy
in the in-plane optical properties. By modelling the data
using a three-layer slab model (substrate, film, ambient), we
extracted the optical properties of the film. Since the dimen-
sions of the metal-rich structures are much smaller than the
light wavelength in the MIR (ca. 10 lm), we assume that the
optical properties are homogenous and assign an effective
complex refractive index, nþ ik. By fixing the film thickness
to that measured by XTEM, the ellipsometric data may be
inverted to provide an unique effective refractive index.
Although we have assumed an isotropic optical tensor, the
IBAD film should in fact be modelled with an anisotropic
tensor and fit to generalized (i.e., cross-polarization sensi-
tive) ellipsometric data. Thus, the refractive indices shown
are termed pseudo-indices (denoted hni and hki), as is com-
monly done in ellipsometric analysis.29 The pseudo-
refractive indices show that the film without IBAD has an
optical density approximately midway between the two
unequal orthogonal curves for the IBAD film (Fig. 4(c), from
the 55" data). An optically denser material is observed in the
measurement plane parallel to the ion incidence.
In summary, we have demonstrated that assisting low
energy ion irradiation has a dramatic effect on the phase
morphology of C:Ni films. On the one side, the energy trans-
fer from the Arþ ions promotes the columnar growth of
carbon encapsulated Ni3C NPs. On the other side, the
momentum transfer induces the tilting of the metal-rich
(Ni3C and Ni) nanocolumns. The sculpting possibility using
this approach has been demonstrated. The influence of the
morphological anisotropy on the optical response has been
shown. In contrast to GLAD, which is based on shadowing
effects of the low energy atom beam on the free standing
structures,22 the formation of the tilted nanostructures here is
due to ion guided surface phase separation. The energetic ion
irradiation is a compulsory component. Moreover, the
sculpted metallic structures are automatically encapsulated
in the protecting carbon matrix. In addition, the ion irradia-
tion results in the formation of dense structures. As the
underlying driving force is based on physical effects, we
believe that the effects observed in this study will also oper-
ate for other nanocomposite systems. Encapsulation and den-
sification means that an appropriate choice of the matrix
material is expected to have a protective effect against the
environmental degradation of the functional metallic nano-
structures. We predict that the use of plasmonic materials
such as gold and silver, instead of nickel, would significantly
enhance the anisotropy, particularly in the visible and near-
IR spectral range. Additionally, the use of a transparent
dielectric embedding medium, such as SiO2 should open the
way to the large-area bottom-up production of tailored meta-
materials with hyperbolic dispersion30 and chirality.31
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Heavily Ga implanted Si nanolayers covered with a thin SiO2 layer exhibit a superconductor-
insulator transition in dependence on annealing conditions. The transition characteristics resemble
those of ultrathin quench-condensed metal films although the implanted layer differs clearly in
composition, width, and nanostructure. This implies a general physical mechanism for the
superconductor-insulator transition in thin, disordered layers which is supposed to be a quantum
phase transition between dual states—the superconducting and the superinsulating one. There is
a resistance criterion for the phase transition closely associated with a critical hole concentration.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4732081]
Recently, it has been shown that Ga rich Si nanolayers
with robust superconducting properties can be fabricated on
Si chips below a SiO2 capping layer by ion implantation and
rapid thermal annealing (RTA).1,2 These nanolayers have a
width of about 10 nm and critical parameters (temperature
TC ! 6-7K, magnetic field BC ! 9T, current density jC
! 1 kA/cm2) that are competitive with those of Nb or Al
films commonly used in superconducting quantum interfer-
ence devices.3 Previous investigations2 revealed that the nano-
layer consists of amorphous precipitates containing Ga, Si,
and O which are embedded in a nanocrystalline Si matrix.
It is known that the electrical transport in thin and, in
particular, disordered or granular films substantially deviates
from that of homogeneous bulk materials because of dimen-
sional and blocking effects (e.g., classical and quantum per-
colation, Coulomb blockade). Metal-insulator and even
superconductor-(super)insulator transitions controlled by
structure (film thickness, grain size), composition, or mag-
netic field were observed in films of quench-condensed
metals,4–9 metal-insulator mixtures,10–12 and high tempera-
ture superconductors.13,14 In addition, the critical parameters
of superconductivity in these films can exceed those of ho-
mogeneous bulk materials.10,13 Therefore, such layers are
interesting for both fundamental and applied research.
The superconductor-superinsulator transition is sup-
posed to be a continuous quantum phase transition15,16
between electron and vortex pairing occurring in disordered,
two-dimensional Fermi systems. The insulating quantum
state is superinsulating in the sense that the resistance grows
with decreasing temperature in a double-exponential manner
and becomes practically infinite immediately below the tran-
sition temperature.17 Some experimental results and theoreti-
cal models indicate that there is a universal critical
resistance close to the pair quantum value RQ¼ h/(4e2)
¼ 6.45 kX separating the superconducting from the superin-
sulating state.12,14,16 However, this universality hypothesis is
still under discussion and critical resistances between 6 and
25 kX have been reported.18–20 It is an open question
whether the Ga rich nanolayers at the Si/SiO2 interface ex-
hibit a similar superconductor-insulator transition controlled
by a critical resistance.
In recent studies, it was demonstrated that the formation
and transport properties of the Ga rich nanolayer on Si
depend sensitively on the annealing conditions.1,2 For a 60 s
annealing, a narrow temperature window between 600 #C
and 700 #C was found to produce nanolayers with supercon-
ducting properties. At temperatures of 800 #C and above, Ga
outdiffusion prevents the nanolayer synthesis. Ga accumula-
tion at the SiO2/Si interface is a necessary but not sufficient
condition for superconductivity as demonstrated in Refs. 1
and 2. Already after annealing at 500 #C, the Ga concentra-
tion at the interface is comparable to those observed in the
superconducting layers but no superconducting state was
observed.
Because the annealing temperature commonly effects
crystal growth, impurity diffusion, and chemical reactions in
an exponential manner (Arrhenius-type law), the variation of
annealing time is better suited to study the gradual evolution
of the Ga rich layers. Therefore, we conducted a systematic
study on the annealing time dependence of the electrical
transport in heavily Ga implanted Si. As in the previous stud-
ies,1,2 we used Czochralski-grown, n-tpye Si wafers with
(100) orientation and resistivity of about 1 kXcm which was
covered with 30 nm SiO2 by sputtering. A heavily p-type
doped, amorphous layer of about 90 nm width was fabricated
by 80 keV, 4$ 1016 cm%2 Gaþ ion implantation at room tem-
perature. The as-implanted Ga profile has a full width at half
maximum of about 40 nm and a Ga peak concentration of 11a)Electronic mail: heera@hzdr.de.
0003-6951/2012/100(26)/262602/4/$30.00 VC 2012 American Institute of Physics100, 262602-1
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at. % 30 nm beneath the SiO2/Si interface as measured by
Rutherford backscattering spectrometry (RBS) (Fig. 1). Sam-
ple pieces of 1 cm2 were subjected to RTA at temperatures
of 600 #C, 650 #C, and 700 #C under flowing Ar atmosphere.
The annealing time was varied from 1 s to 90 s. This process-
ing leads to Ga redistribution and the formation of a Ga rich
nanolayer at the SiO2/Si interface (Fig. 1). Already after
RTA at lowest temperature and duration, the nanolayer has
formed and does not change substantially with increasing
thermal load. Its typical width and peak concentration are
10 nm and 16 at. %, respectively. Underneath this Ga rich
nanolayer, a heavily Ga doped, about 40 nm deep Si zone
with an almost plateau-like Ga concentration of about 5 at.
% is observed. Energy filtered transmission electron micros-
copy (EFTEM) in the range of the Si L2,3 absorption edge
(99 eV) confirms strong Si depletion as consequence of Ga
accumulation and oxygen intermixing close to the interface.
As an example, a pseudocolor image of the silicon distribu-
tion in the cross section of a sample annealed at 600 #C for
60 s is shown in Fig. 2. Due to sputtering during the high flu-
ence Ga implantation, the SiO2 layer is thinned from 30 nm
to about 15 nm.
The temperature dependence of the electrical transport
in the Ga implanted Si samples was investigated by resist-
ance and Hall effect measurements in van der Pauw geome-
try.21 Some sheet resistance curves of samples annealed at
650 #C and different annealing times are shown in Fig. 3 as
function of temperature. For interpreting these results, one
has to consider the multilayer structure of the samples:
n-type substrate, p-type Ga tail region, heavily Ga doped pla-
teau region, and Ga rich nanolayer (Fig. 1). The high temper-
ature behaviour is influenced by leakage currents through the
weakly n-doped Si substrate. However, in the temperature
range below 20K, the current path is constricted to the Ga
containing layers because the substrate electrons are frozen
out. The low temperature part (T< 10K) of the curves
shown in Fig. 3 clearly illustrates the drastic effect of the
annealing conditions on the electrical transport properties.
Whereas annealing times below 70 s result in layers with a
superconducting state, longer annealing leads to layers with
insulating properties. There is a general trend in the evolu-
tion of the normal-state sheet resistance. The sheet resistance
and its negative temperature gradient increase with increas-
ing annealing time. Additionally, the width of the supercon-
ducting transition and the residual resistance increase
whereas the critical temperature decreases with annealing
time. Quite similar observations were made for the resistance
evolution of ultrathin quench-condensed Ga films with
increasing thickness (1.2–1.5 nm).4 In our case, this trend is
partially broken in the critical time window (60 s-70 s) for
the superconductor-insulator transition. It can be assumed
that in the critical range already little differences in the as-
implanted state of the sample and/or the annealing cycle
cause pronounced changes of the transport behaviour.
FIG. 1. Ga depth distribution calculated from the results of RBS measure-
ments for selected samples. There are no differences between the Ga profiles
of the superconducting (sc) and the insulating (ins) sample. The notion for
different depth regions used in the text is indicated.
FIG. 2. Pseudocolor image of the silicon distribution in the cross section of
the sample annealed at 600 #C for 60 s obtained from EFTEM. Ga accumula-
tion and oxygen intermixing close to the interface lead to local Si depletion.
The silicon concentration decreases from orange to blue. The multilayer
structure is clearly mapped: glue, SiO2 layer, Ga rich nanolayer, and heavily
doped Si with few impurity rich precipitates (from left to right).
FIG. 3. Sheet resistance Rh as function of temperature for samples annealed
at 650 #C at various annealing times. The inset shows the transition to the
superconducting state in more detail. Zero residual resistance is observed for
normal state resistances below 6 kX. The dashed lines are Arrhenius fits
R¼R0 exp(T0/T) with R0¼ 865 X, 6944 X and T0¼ 10.1K, 5.8K for the
samples annealed at 75 s and 80 s, respectively.
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Interestingly, in insulating samples with annealing times
below 90 s, a steep increase of the resistance is observed in
the same temperature region as for the superconducting tran-
sition. This finding and even details in the temperature-
resistance curve such as a weak minimum appearing at 5.5K
are in accordance to the results of Jaeger et al.4 However,
they found that the resistance in the insulating state continu-
ously grows over orders of magnitude with decreasing tem-
perature whereas we observe a finite jump of about 7 kX.
This behaviour may be explained by the multilayer structure
of our samples. In addition to the Ga-rich nanolayer at the
interface, a parallel normal-state conduction channel is pres-
ent in the heavily Ga doped layer underneath as proven in
previous experiments where the nanolayer was etched
away.1,2 Therefore, the sheet resistance leaps to and, then,
follows the resistance of this layer when the Ga-rich nano-
layer becomes insulating below the critical temperature. The
resistance curve can be fitted in the transition region by an
Arrhenius law, indicating that the nanolayer is indeed insu-
lating.20 The dashed lines shown in Fig. 3 are fits according
to R¼R0 exp(T0/T) with R0¼ 865 X, 6944 X and
T0¼ 10.1K, 5.8K for the samples annealed at 75 s and 80 s,
respectively. The extrapolated part of the curves demon-
strates approximately the temperature dependence of the
sheet resistance without the shunting layer beneath. In anal-
ogy to the resistance drop in the superconducting case, one
can speculate that the resistance leap is caused by the transi-
tion into the superinsulating state.
It should be noted that in both states, the superconduct-
ing and the insulating one, the global Ga depth distribution
as determined by RBS measurements (see Fig. 1) is the
same. Even by XTEM analysis, distinct structural or compo-
sitional changes could not be detected. However, subtle
modifications of grain size, distribution, or composition are
difficult to resolve by this analysis. In this context, one
should remember that in quench-condensed metal films a
thickness variation in the range of 0.1 nm is sufficient for the
phase transition.4 In Al granular materials, the metal-
insulator transition occurs when the thickness of the insulat-
ing coating (Ge or Al2O3) increases by less than 0.5 nm.
22
However, if the sheet resistance is the key parameter for the
phase transition, not the kind of structural changes but only
their impact on the global resistance is of importance.
In order to address the question whether a resistance cri-
terion holds for the superconductor-insulator transition in the
Ga rich nanolayers, the sheet resistances at 10K as function
of the annealing time obtained for three annealing tempera-
tures are compiled in Fig. 4. In fact, there is a resistance gap
(11.5 kX–15.2 kX) separating the superconducting samples
from the insulating ones which is in good agreement with the
results of Jaeger et al.,4 although our Ga rich nanolayers are
rather different in structure and composition. Parshin et al.23
found that the critical thickness of quench-deposited Ga
films substantially changes when using different substrates,
but the critical temperature scales with the sheet resistance.
These results corroborate the idea of a resistance criterion
for the superconductor-insulator transition. For an appropri-
ate characterization of a quantum-phase transition, the
critical resistance at zero temperature extrapolated from
finite-temperature results or extracted from scaling laws
should be considered.15,16 Jaeger et al.4 defined the critical
value as the upper limit of the normal-state resistance at
which the samples pass into the superconducting state with
zero residual resistance and have found it in the vicinity of
the pair quantum resistance, i.e., 6.45 kX. Our data point to a
value less than 6 kX (see inset of Fig. 3).
One problem that makes the data analysis difficult is the
presence of the parallel conduction channel in the heavily Ga
doped layer beneath the Ga rich nanolayer which reduces the
total sheet resistance. Unfortunately, it is impossible to deter-
mine the depth profile of resistivity and carriers generated by
Ga acceptors in Si or present in the Ga rich nanolayer from
the Hall effect measurements. Instead, only the total sheet re-
sistance and the sheet carrier concentration ph¼ 1/(eRHh)
can be calculated where RHh and e are the sheet Hall coeffi-
cient and the elementary charge, respectively. The Hall coef-
ficient was determined from field-dependent measurements
of the Hall resistance. All low temperature, Hall measure-
ments resulted in a positive Hall coefficient indicating that
the hole conduction dominates. The superconducting sam-
ples are metallic in the normal state in the sense that their
carrier concentration is independent of temperature. Thus,
the temperature dependence of the resistance is determined
by grain boundary barriers leading to a thermally activated
mobility.24 The mobilities at 10K are in the range of 0.1 to
5 cm2/Vs, decreasing with increasing hole concentration.
The results of the Hall effect and sheet resistance meas-
urements can be used to set up a tentative phase diagram
shown in Fig. 5 for data measured at 10K. In addition to the
resistance gap between the superconducting and insulating
state, there is a critical value for the sheet hole concentration.
In the vicinity of the phase transition, the data of the 650 #C
series can be fitted by the power law ph!Rh%1.6. Exponents
derived from the model of progressive Coulomb blockade in
granular structures (%0.5) or scaling rules of the transport in
3d percolating systems (!%0.15) are quite different.10 No
power law does exist in 2d percolating systems because the
Hall coefficient does not diverge at the percolation threshold.
FIG. 4. The sheet resistance Rh measured at 10K as function of annealing
time for different annealing temperatures. The resistance gap between super-
conducting and insulating samples is indicated. There are two independent
experimental series (I & II) for annealing at 650 #C. The lines are only to
guide the eye.
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Hence, our system cannot be attributed to one of these model
systems.
The intersection of the power law curve with the critical
sheet hole concentration pc¼ 1.3$ 1014 cm%2 is at RC
¼ 12.9 kX. However, these values change with temperature.
Taking the data very close to the critical temperatures (6K),
the same exponent was found in the power law within
our measurement accuracy but pC and RC changes to
1.1$ 1014 cm%2 and 15.7 kX, respectively. The fact that the
resistance separatrix between the superconducting and the
insulating state is a function of temperature was also reported
by Baturina et al.20 for the phase transition in TiN. They con-
cluded that this phase transition cannot be described by a
single-parameter scaling with the universal resistance at the
transition. On the other hand, our critical resistance near the
transition temperature is very close to the universal resist-
ance R*¼ (8/p) RQ¼ 16.4 kX calculated by Fisher.18 In
order to decide, whether the phase transition observed in Ga
implanted Si follows strict scaling rules further experiments
on current and field dependence are necessary.9,15,16
In conclusion, we have demonstrated that heavily Ga
implanted Si with a thin SiO2 cover layer undergoes a
superconductor-insulator transition in dependence on anneal-
ing conditions. Since the global Ga depth distribution
remains unchanged the transition must be associated with
fine changes of the layer nanostructure, leading to higher
hole concentration and lower sheet resistance. Surprisingly,
the phase transition is very similar to those observed in ultra-
thin quench-condensed metal films although our layer stack
differs strongly in composition, width, and nanostructure.
One can speculate that the steep step observed in the resist-
ance-versus-temperature curves of some insulating samples
indicates the onset of superinsulation—a quantum phase
dual to superconductivity—partly masked by a parallel
conduction channel in our samples. Obviously, there is a
resistance criterion for the phase transition closely associated
with a critical sheet hole concentration. Evaluating the
resistance-hole concentration phase diagram in the vicinity
of the critical temperature, we obtain a critical resistance of
about 16 kX whereas the criterion of vanishing residual re-
sistance provides an upper limit of 6 kX. It is not yet clear
which critical quantity is the primary one and whether the
phase transition follows a universal scaling law.
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Magnetic anisotropy engineering: Single-crystalline Fe films on ion eroded
ripple surfaces
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We present a method to preselect the direction of an induced in-plane uniaxial magnetic anisotropy
(UMA) in thin single-crystalline Fe films on MgO(001). Ion beam irradiation is used to modulate
the MgO(001) surface with periodic ripples on the nanoscale. The ripple direction determines the
orientation of the UMA, whereas the intrinsic cubic anisotropy of the Fe film is not affected. Thus,
it is possible to superimpose an in-plane UMA with a precision of a few degrees—a level of
control not reported so far that can be relevant for example in spintronics. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4729151]
The magnetic patterning of samples on the nanoscale is
crucial for spintronic designs. Commonly, electron beam li-
thography is used to obtain the required nanometer precision.
However, this technique is slow and therefore limited to
small sample areas not suitable for high throughput produc-
tion. Hence, fast large-area structuring processes are highly
demanded.
In contrast to cleaning and smoothing single crystal sub-
strates, broad beam ion sputtering can also be employed to
form nanoscale periodic ripple patterns over large areas.1,2
They are of quasi-sinusoidal shape with several nanometers
height compared to stepped/vicinal surfaces with monoatomic
steps and preferential orientation. The ripple formation by ion
beam irradiation can be described by the linear instability
theory by Bradley and Harper3 further extended by others.4–6
Ripple patterns formed by ion irradiation have been found on
various materials, like metals,7–10 semiconductors,11,12 and
oxides.13–15 The ripple wavelength is set by the ion beam
energy, where !10 nm seems to be a lower limit.
It is well known that a periodic roughness in ferromag-
netic films generates dipolar stray fields, which in turn give
rise to an uniaxial magnetic anisotropy (UMA).16,17 Thus,
ferromagnetic (FM) rippled films gained attraction in recent
years18–21 and inspired usage in magnetic sensors.22,23 It was
shown that the ripple pattern wavelength controls the
strength of the UMA,24 or creates an additional orange peel
(Ne´el) coupling in interlayer exchange coupled films.25
Recently, Landeros and Mills calculated the spinwave
response in such periodically perturbed films.17
To prepare thin rippled, ferromagnetic films one has two
options: (i) The post-growth ion sculpturing of a FM film
grown on a planar substrate.8–10,20,26 This just modulates the
surface of the FM film only. However, this method suffers
from the fact that it is almost impossible to create homogene-
ously thin films of a few nanometers thickness, since due to
the sputter removal the starting thickness must be much
larger. Therefore we dedicate our efforts to (ii) the bottom-
up approach, i.e., where the thin film is grown onto previ-
ously patterned ripple substrates.21,24,25,27 These films
exhibit the ripple morphology on the substrate–FM interface
as well as on the top.
To investigate the influence of periodically modulated
Fe films, MgO(001) substrates were used due to their good
epitaxial relation to Fe.28 The rippled MgO(001) surface was
created by Arþ ion beam irradiation from conventional pla-
nar MgO(001), using an Arþ primary energy of E¼ 0.6 keV,
a fluence of 5$ 1017 ions%cm&2, an incident angle of 50',
and a substrate temperature of T¼ 0 'C. The ion gun was a
Kaufman type source with a single graphite extraction grid
with 5 cm diameter. Further details of the underlying general
erosion process are described elsewhere.3,29 By choosing the
sputter direction (azimuth), the ripple crest direction /ripple
can be set to any arbitrary angle with respect to the
MgOh100i directions. A series of samples with varying
/ripple as well as planar reference samples were prepared.
The morphology and ripple-wavelength prior to the film dep-
osition was evaluated using atomic force microscopy
(AFM). Figures 1(a) and 1(b) show AFM images for ripple
directions of /ripple ¼ 0' and 52', respectively. The periodi-
cal surface modulation with an average amplitude of! 1 nm
and a wavelength of !18 nm (see inset linescan in Fig. 1) is
clearly visible. Subsequently the samples were sonicated in
isopropanol, transferred to a molecular beam epitaxy system,
and annealed at 200 'C for 10min. The 10 nm thick Fe film
followed by a 3 nm thick Cr protective layer were deposited
at room temperature by molecular beam evaporation under
normal incidence. The deposition rate was !0.2 A˚/s. The
pressure during evaporation was below 1$ 10&9 mbar.
The Fe films were investigated by means of low energy
electron diffraction (LEED) yielding always a cubic struc-
ture proving the epitaxial single-crystalline growth [inset
Fig. 2(b)]. Due to the lattice mismatch, the Fe lattice is
rotated by 45' with respect to the MgO lattice, i.e., the well
known relation Feh110ijjMgOh100i,28 and therefore the rip-
ple direction in the Fe coordinate system is /Feripple :¼
/ripple & 45' as depicted in Fig. 1(c). High-resolution cross-
sectional transmission electron microscopy (TEM) was used
to examine the Fe films and its interfaces as shown in Fig. 2.
The rippled MgO surface still exhibits its single-crystalline
structure. No amorphization at the MgO–Fe interface is
found as the lattice planes continue through the Fe film as
a)Author to whom correspondence should be addressed. Electronic mail:
k.lenz@hzdr.de.
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depicted exemplarily by the yellow guide lines in Fig. 2(c).
Hence, the Fe/Cr layers on top grow clearly epitaxially and
pseudomorphically, taking over the lattice and surface corru-
gation given by the MgO substrate. The Fe/Cr surface shows
the same ripples the MgO substrate induces [white lines in
Fig. 2(a)]. A further proof against amorphization is the fact
that a polycrystalline film (as a result on an amorphous sub-
strate) would not show the fourfold cubic in-plane anisotropy
as shown later.
The magnetic properties were determined by magneto-
optical Kerr effect (MOKE) magnetometry and vector net-
work analyzer ferromagnetic resonance (VNA-FMR).
In Fig. 3, three magnetization reversal (MR) curves are
presented for in-plane field angles of uB ¼ &45', &25', and
5'. The ripple crest orientation for this sample was
/Feripple ¼ &15'. The MR curves exhibit certain irreversible
jumps of the magnetization, i.e., single, double, or triple mag-
netization switching processes. This is a sign for UMA super-
imposed on the cubic magnetic anisotropy, but also for the
nucleation and fast propagation of 180' or 90' domain walls. It
should be noted that, although the switching fields were mostly
below 10mT, the saturation fields were typically close to
80mT. The arrows in Fig. 3 denote the orientation of the mag-
netic domains in this system during reversal. First, at a field
angle of uB ¼ &45' [Fig. 3(a)] the magnetization reverses by
a one-jump process that corresponds to a rapid propagation of
180' domain walls. Second, the two-jump process found at
uB ¼ 5' [Fig. 3(c)] indicates nucleation and propagation of
90' domain walls for both jumps,30 whereas the three-jump
process at uB ¼ &25' [Fig. 3(b)] represents a sequence of 90',
180', and again 90' domain wall displacements (based on Kerr
microscopy investigations, not shown). Zhan et al.31 have
reported and unambiguously described the three-jump process
MR curves in Fe/MgO(001) systems, where the strength and
orientation of the UMA were altered either by ion sputtering or
by oblique-incidence MBE growth. However, in contrast to our
investigations any direct proof of precise orientation control of
the in-plane UMA was not given.
The FMR was carried out in field-sweep mode, i.e.,
sweeping the external magnetic field with the microwave fre-
quency fixed to f¼ 15 GHz. The samples were mounted on a
coplanar waveguide. The FMR spectra taken at different in-
plane field angles uB were evaluated by using a complex
Lorentzian fit function. From the resulting angle-dependent
resonance field data BresðuBÞ, the magnetic anisotropy pa-
rameters were determined from a fit with the resonance equa-
tion as described, e.g., in Ref. 32. The contributions to the
free energy density are
FIG. 1. AFM images and linescan of rippled
MgO(001) with (a) /ripple ¼ 0' and (b) /ripple
¼ 52'. (c) Sketch of the anisotropy axes and lattice
directions.
FIG. 2. (a) TEM cross-section of a rippled Cr/Fe/MgO sample. Dashed lines
are eye-guides for the interfaces. (b) LEED image (136 eV). (c) Magnified
HR-TEM image with dashed yellow lines depicting the continuous lattice
planes.
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F¼&MB½sinh sinhB cosðu&uBÞþ coshcoshB+
& 1
2
l0M
2&K2?
! "
sin2 h&K2jj sin2 hcos2ðu&uBÞ
& 1
8
K4jjð3þ cos4uÞsin4h; (1)
where h (hB) and u (uB) are the out-of-plane and in-plane
angles of the magnetization M (external field B), respec-
tively. K4k is the cubic anisotropy and K2? (K2k) the uniaxial
out-of-plane (in-plane) anisotropy. The uniaxial anisotropy
direction with respect to the cubic direction is denoted by
uu. The in-plane angles u; uB; uu are counted from the
Fe[100] direction, as depicted in Fig. 1(c).
Figure 4(a) shows the angle-dependent FMR data for an
Fe film with a ripple orientation of /Feripple ¼ &45', i.e., with
the ripple crests along MgO[100] k Fe[1!10]. The red curve is
a fit according to the resonance equation providing the ani-
sotropy fields and directions. The angular dependence of the
resonance field is mainly characterized by a strong cubic ani-
sotropy field of
2K4k
M ¼ 63:2 mT superimposed by a small in-
plane UMA field of
2K2k
M ¼ 4:28mT. This can be seen directly
by the difference in the resonance field maxima marked with
the green dotted lines. The uniaxial easy axis is rotated by
uu ¼ &45' with respect to the cubic one, i.e., pointing along
Fe[1!10]. Hence, the UMA axis is parallel to the ripple crests,
which were previously set by the ion erosion process of the
substrate. Thus, the in-plane UMA is induced by !1 nm high
ripples, which generate dipolar stray fields at the Fe/MgO
and Fe/Cr interfaces.17 In contrast, the cubic anisotropy
direction and magnitude is an intrinsic feature of the Fe lat-
tice.33 The effective magnetization l0Meff ¼ l0M & 2K2?M ¼
2:05 T is close to the Fe bulk value.
To further confirm these findings, other ripple directions
were prepared and investigated. Figure 4(b) shows the corre-
sponding result for /Feripple ¼ 7'. Now the ripple crests lie
close to the cubic easy axis direction and in turn the UMA
axis is rotated only by uu ¼ 10'. The cubic anisotropy field
and effective magnetization are similar to the previous sam-
ple. The UMA field is slightly smaller, i.e.,
2K2k
M ¼ 2:78 mT.
The results for all investigated ripple directions are
listed in Table I. One can see that the values for l0Meff and
2K4k
M are similar for all samples, except the planar reference
sample. This means that the ripple direction does not influ-
ence the intrinsic Fe anisotropy. In comparison to the planar
10 nm thick reference sample, the cubic anisotropy is twice
as large. However, only 12% larger than the Fe bulk value.
For the cubic anisotropy strain plays an important role.33
X-ray diffraction studies (not shown) prove that the planar
Fe reference sample is definitely subject to strain and much
rougher compared to the ripple templates, whereas the Fe
films on ripples are in the nearly fully relaxed state. This
strain explains the lower cubic anisotropy and effective mag-
netization of the planar sample.
The values for the in-plane UMA field
2K2k
M vary only
slightly between 2.8 and 6.4mT. This could be due to small
differences in the ripple height and elongation of the ripples.
These values also match estimations derived from the spin-
wave spectra calculations using the theory of Landeros and
Mills.17 Apart from that, the key of our work, i.e., the match
of the UMA direction with the preset ripple direction is per-
fectly confirmed. The small mismatch (less than 10%) found
between /Feripple and uu stems from the uncertainty of /
Fe
ripple.
The ripple directions were determined from AFM measure-
ments with the substrate edges as reference. A slight mis-
alignment or even edge-miscut would be an explanation.
In conclusion, we have shown that the direction of an
induced in-plane UMA can be precisely preset by the sputter
direction of the substrates. Fe films on these rippled MgO
templates grow in single-crystalline fashion. The UMA is
FIG. 3. Magnetization reversal curves of
10 nm Fe/MgO with /Feripple ¼ &15' for 3
different in-plane field angles uB. Arrows
denote the orientation of domains.
FIG. 4. In-plane angle-dependent FMR of
10 nm Fe on MgO ripples (k¼ 18 nm) with
(a) /Feripple ¼ &45' and (b) /Feripple ¼ 7'. The
UMA direction uu is marked with dashed
arrows. The red curve is a fit with the reso-
nance equation. Dashed and dotted lines are
guides to the eye.
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superimposed with the intrinsic cubic anisotropy of the Fe
film. This opens possibilities to select and pin the easy mag-
netization axis in a certain direction in spintronic devices,
like multi-axial magnetic sensors for application. If the
UMA will be further increased by optimized ripple struc-
tures, a 6-fold but non-symmetric easy axis system could be
created.
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/ripple /
Fe
ripple uu
2K2k
M
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(deg) (deg) (deg) (mT) (mT) (mT)
Bulk … … … 55 2144
Planar … 0 0 33.2 1900
0 &45 &45 4.28 63.2 2052
23 &22 &20 3.30 59.4 2037
30 &15 &16 3.16 59.8 2050
44 &1 3 3.54 52.0 2011
52 7 10 2.78 64.8 2071
78 33 30 6.38 63.0 2035
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Nanohole pattern formation on germanium induced by focused ion beam and
broad beam Ga1 irradiation
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Hexagonally ordered nanohole patterns were produced on Ge(100) surfaces by focused Gaþ ion beam
and broad Gaþ ion beam irradiations with 5 keV energy under normal incidence. Identical patterns
were obtained by irradiations with a scanning focused ion beam under different irradiation conditions
and with a broad Gaþ beam without scanning and five orders of magnitude smaller ion flux. Thus, we
could demonstrate that nanohole pattern formation is independent of ion flux over several orders of
magnitude and scanning of a focused ion beam under appropriate conditions is identical to broad ion
beam irradiation.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4721662]
The morphology of surfaces and interfaces strongly
influences optical, electrical, and magnetic properties of thin
films. Furthermore, nanopatterned surfaces are interesting
templates for functional metallic films1,2 as well as for bio-
active surfaces.3 Low energy ion beam irradiations can
change the surface morphology drastically either by smooth-
ing or by roughening mechanisms. Under special conditions,
the interplay of these mechanisms leads to self-organized per-
iodic patterns.4 For oblique ion incidence, ripple patterns
with periodicity in the nanometer range have been obtained
on metals, semiconductors, and insulators.5 For normal ion
incidence, hexagonal dot patterns on compound materials6 or
on surfaces with intentional or unintentional co-deposition of
metal atoms were found.7,8 Beside these well known ripple
and dot patterns, a third kind of highly ordered self-organized
nanostructures were observed using 5 keV Gaþ focused ion
beam (FIB) irradiation of Ge at normal incidence, namely
periodic nanohole patterns.9
FIBs are commonly used for direct patterning of surfa-
ces.10 However, due to the linear writing only small areas
can be patterned in acceptable times. On the other hand, self-
organized patterns appear also when surfaces are irradiated
with a defocused FIB.11–13 In this case, the ion irradiation
differs in many aspects from the usually used noble gas
broad beam (BB) irradiations. First, the Gaþ ion beam al-
ready implants Ga into the surface, thus a two component
system is present at the surface after the steady-state condi-
tion is reached at fluences of a few 1016 ions/cm2. Second,
the ion beam focus is smaller than 1 lm and can be even
focussed down to a few tenths of nanometers. In order to pat-
tern a larger area, the ion beam is scanned over the surface
mimicking a larger homogeneously irradiated area. Until
now there is no consensus whether a scanning focused ion
beam is identical to a broad ion beam for self-organized pat-
tern formation.14 And finally, the local flux in the ion beam
can be orders of magnitude higher than in a broad beam. If
thermal diffusion is effective, a strong flux dependence is
expected.4 However, in many systems ion induced smooth-
ing mechanisms have been found exhibiting no flux depend-
ence.15 In this letter, we present a comparison of hole pattern
formation on Ge surfaces induced by FIB and by BB irradia-
tions. Thus, we address the question if FIB produced self-
organized patterns are similar to the well known noble gas
broad ion beam induced patterns.
Figure 1 shows a comparison of the irradiation schemes.
The square indicates the sample, whereas the large circle
represents the size of the broad beam with a radius rBB. Due
to the large size of the broad beam which is approximately
5mm no scanning is necessary. In contrast, the focused ion
beam is scanned over the surface. The small filled blue
circles are indicating the points where the FIB stands for a
certain time, called dwell time. These points have a certain
distance in x and y direction, the step size Dx and Dy. The ra-
dius of the FIB, indicated by the small circles with a radius
rFIB, is in the range of 150 nm and much larger than the step
size of only 5 nm. Hence, a large overlap is used and guided
pattern formation is not expected. The beam is scanned over
the surface in a meander like way, indicated by the red lines
with arrows. The scanning of the FIB over the whole area is
repeated for a given number of loops with a velocity called
beam speed. Taking into account the scanning of the FIB
two fluxes can be defined. The first is a local flux in the
beam given by the beam current and the second one, the total
areal flux, is the mean ion flux in the scanning area. For a
FIB, the local flux is much higher than the total areal flux. In
case of a broad beam, both fluxes are equal due to a standing
beam.
For studying the nanohole pattern dynamics on Ge
surfaces a 5 keV Gaþ FIB was used. All FIB patterns were
created using a Zeiss NVision 40 CrossBeamV
R
combined
with a Raith Elphy Plus. In all cases, epiready Ge (100) sub-
strates were irradiated at room temperature (RT) and an
angle of 0" with respect to the surface normal. In Fig. 2,
scanning electron microscopy (SEM) images of hexagonally
ordered nanohole patterns are shown which were created
using an ion fluence of 2.5# 1018 ions/cm2. A reference pat-
tern, shown in Fig. 2(c), was created using a 150 pA current
(corresponding to a local flux of 1.3# 1018 ions/(cm2s)), a
dwell time of 0.667 ls, a step size of 5 nm in both directions,
1000 loops, and a beam speed of 7.5mm/s. All these values
are summarized in Table I. A closer look at the pattern
a)Author to whom correspondence should be addressed. Electronic mail:
s.facsko@hzdr.de.
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reveals a periodicity of the nanoholes of 48 nm. Each hole is
surrounded by 6 small elevations which appear as white
points at the edges of a honeycomb like structure. The con-
nections of these elevations separate the holes from each
other. The hole domains exhibit a short range hexagonal
order with an extension of approximately 500 nm. However,
the domains are oriented arbitrary with no correlation to the
crystal structure of the Ge (100) surface. Between the
domains point defects are found, which are higher than the
surrounding pattern.
In order to investigate the influence of beam scanning
and local flux on the pattern formation, beam current, dwell
time, and number of loops were changed. The different dwell
times and loops are shown in Table I. Bold values indicate
changed parameters using different currents. The 150 pA
current is used as a reference to compare the pattern of dif-
ferent currents. So it can either be placed in the upper or in
the lower row of Fig. 2. After changing the current to 80 pA
and 700 pA, the dwell time was increased and decreased,
respectively, in order to get the same fluence per loop. The
patterns created after a total fluence of 2.5# 1018 ions/cm2
are shown in Figs. 2(a) and 2(b), respectively. Apparently,
the same pattern appears. There is no difference in periodic-
ity although the dwell time changed from 1.25 ls (80 pA) to
0.206 ls (700 pA). Due to the changed dwell time also the
scan speed changed from 4.0mm/s (80 pA) to 29.2mm/s
(700 pA). After changing the dwell time, the number of loops
was changed keeping the dwell time constant. In all cases,
the total fluence (not to be confused with the fluence per
loop) was kept constant at 2.5# 1018 ions/cm2. Although the
number of loops was changed from 214 (700 pA) to 1875
(80 pA) again the same nanohole pattern with the same peri-
odicity is obtained (Figs. 2(d) and 2(e), respectively). We
can thus conclude that ion flux, dwell time, number of loops,
and scan speed have no influence on the pattern formation.
To analyse the effect of scanning of the FIB, a compari-
son of a pattern created by FIB and another pattern created
with the same parameters but using a broad Gaþ beam was
performed. The broad beam experiment was done using a
Danfysik 1050 low energy broad beam implanter. To reduce
the influence of surrounding material, the Ge sample was
mounted on a holder which was fully covered by Ge. In case
of the broad beam, a fluence of 3.0# 1018 ions/cm2 was used
which is comparable to the fluence used for FIB (Fig. 2).
This pattern (Fig. 3) was created using an energy of 5 keV
and Gaþ ions at normal incidence and RT. A comparison of
the local flux which was 4.3# 1013 ions/(cm2s) using broad
beam irradiation and 1.3# 1018 ions/(cm2s) for FIB irradia-
tion illustrates immediately that the flux was five orders of
magnitude lower for broad beam irradiation. A comparison
of both SEM images (Figs. 2(c) and 3) shows very similar
nanohole pattern. Again a honeycomb like structure with
hexagonally ordered holes is appearing. Also, the periodici-
ties are equal within the measuring accuracy and have the
same value like before in FIB produced pattern (48 nm). We
can thus conclude that scanning does not affect the pattern
formation. In order to compare patterns by FIB and broad
beam in more detail, cross-sectional transmission electron
microscopy (TEM) analysis was performed. These patterns
were created using a 5 keV Gaþ beam at normal incidence
and a fluence of 2.0# 1017 ions/cm2. SEM and correspond-
ing TEM images of FIB produced pattern are shown in Figs.
4(a) and 4(c), respectively, whereas the pattern produced by
broad beam irradiations are shown in Figs. 4(b) and 4(d). A
comparison of the two SEM images (Figs. 4(a) and 4(b))
shows again nanohole patterns which cannot be distinguished
neither in periodicity nor in ordering. A comparison of Figs.
4(a) and 4(b) with Figs. 2(c) and 3, respectively, shows that
the ordering is increasing with increasing fluence for FIB
produced patterns as well as for broad beam produced pat-
terns. In the TEM images of these two samples, the dark
areas in the lower part of the images are the single crystalline
Ge substrate. The brighter areas on top of the dark areas are
amorphous layers which were confirmed by high resolution
TEM of these areas (not shown). The depth of the nanoholes
is approximately 7 nm, whereas the amorphous layer has a
thickness of 12 nm. This is valid both for the FIB and for the
broad beam produced patterns (Figs. 4(c) and 4(d), respec-
tively). As expected, Ga is enriched in the amorphous layer
as measured by energy-dispersive x-ray spectroscopy (EDX)
(not shown here). No difference in the height of the struc-
tures or in the thickness of the amorphous layer is found for
patterns irradiated using FIB or broad beam.
Pattern formation induced by ion irradiation is com-
monly described by continuum equations.4,16 They are
generic partial differential equations derived from Sigmund’s
sputter theory or, more general, from averaged “crater
functions” resulting from molecular dynamics simulations.17
Originally, the hole pattern observed during irradiation of Ge
surfaces with Gaþ FIB has been modelled by the damped
200nm
200nm
200nm
200nm200nm
(a) (b)
(c)
(d) (e)
FIG. 2. Flux dependence and scanning dependence of FIB produced nano-
holes on Ge (100) at RT using the parameters given in Table I.
FIG. 1. Scheme of broad beam and FIB irradiation (not to scale).
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Kuramoto-Sivashinsky (dKS) equation18 with good qualita-
tive agreement.9 However, it is now commonly accepted that
the damping term proportional to the height in the dKS equa-
tion has no physical grounds.19 In addition, under normal
incidence an additional smoothing mechanism caused by the
ion induced drift of surface atoms is expected to dominate
over roughening.16,20 However, Bradley and Shipman (BS)
proposed recently that if more than one species is present at
the surface preferential sputtering and ion induced atomic
drift can lead to an additional instability.21,22 Thus, we
assume that in the case of hole patterns on Ge, which are
evolving during irradiation with Gaþ ions under normal inci-
dence, this instability is the dominant mechanism for pattern
formation. We therefore modeled the pattern formation by
their proposed coupled equations in which the surface topog-
raphy is coupled to a surface layer of altered composition.22
In compound materials, preferential sputtering leads to a
changed composition at the surface. However, it also applies
for concurrent deposition of impurities.23 In our case, one
species is the substrate material Ge and the other one is Ga
which is continuously implanted into the surface by the Gaþ
ion beam. After a fluence of 2.0# 1017 ions/cm2, we deter-
mined with Auger electron spectroscopy a Ga atomic surface
concentration of 18% in fair agreement with Tridyn24 simu-
lations of 20%. Figures 5(a) and 5(b) show snapshots of a
simulation of the BS equations at integration times t of 250
and 1000, respectively. Immediately, the better ordering in
case of higher time, i.e., fluence, is visible. Thus, the simula-
tion confirms the observation of quality improvement seen
by a comparison of Figures 4(a) and 4(b) with Figures 2(c)
and 3, respectively. Figs. 4(a) and 2 are FIB produced
patterns using the same parameters except the number
of loops and therefore the fluence. The fluence was 2.0# 1017
ions/cm2 (Fig. 4(a)) and 2.5# 1018 ions/cm2 (Fig. 2(c)).
The obtained pattern is the same but the ordering is much
higher in case of the higher fluence. In Figure 4(a), only small
hexagonally ordered domains (e.g., upper right of the picture)
are present whereas the typical domain size in Figure 2(c) is
500 nm. The same effect is visible for the broad beam pro-
duced patterns (Figs. 4(b) and 3). This means that the domain
size and therefore the ordering is increasing with increasing
fluence.
To make the similarity between simulation and experi-
ment as well as the similarity between FIB and BB produced
pattern more visible some details of the pattern are shown in
Figure 6. Fig. 6(a) is a zoom in the simulation, whereas Fig.
6(b) shows a SEM image of a FIB produced pattern with a
picture width of 200 nm. In Fig. 6(c), an atomic force mi-
croscopy (AFM) image of a pattern produced using broad
beam irradiation is shown. The AFM image corresponds to
the SEM image shown in Fig. 4(b) and has a picture width of
100 nm and a height scale of 10.6 nm. In all cases, each hole
is surrounded by six small elevations which appear as
brighter areas in the simulation and the SEM image and are
even more visible in the AFM image. The similarity between
FIB and broad beam irradiation is also valid for higher ener-
gies. We used a 30 keV broad Gaþ beam at RT, normal inci-
dence and a fluence of 1.0# 1018 ions/cm2 and obtained a
sponge like structure (not shown) which is also observed
using FIB.14
In conclusion, normal incidence irradiation of Ge (100)
surfaces with 5 keV Gaþ ions produces self-organized nano-
hole patterns. The pattern formation has been discussed and
modelled on the base of the recently proposed Bradley-
Shipman model reaching a qualitative agreement with the
experimentally observed patterns and the increasing ordering
with fluence. However, predictive parameter choice is not
possible at this stage. The comparison of nanohole patterns
TABLE I. Parameters of the FIB produced nanoholes shown in Fig. 2.
Current
pA
Dwell time
ls
Loops Beam speed
mm/s
Step size
nm
Total areal flux
ions/cm2s
Total fluence
ions/cm2
Fig.
80 1.250 1000 4.0 5 3.0# 1014 2.5# 1018 2(a)
700 0.206 1000 29.2 6 2.7# 1015 2.5# 1018 2(b)
150 0.667 1000 7.5 5 5.7# 1014 2.5# 1018 2(c)
80 0.667 1875 7.5 5 3.0# 1014 2.5# 1018 2(d)
700 0.667 214 7.5 5 2.7# 1015 2.5# 1018 2(e)
200nm
FIG. 3. Nanohole pattern produced using broad beam Gaþ irradiation of Ge
(100) at normal incidence, RT, 5 keV, and a fluence of 3.0# 1018 ions/cm2.
20nm 20nm
200nm 200nm
(c)
(a) (b)
(d)
FIG. 4. SEM ((a) and (b)) and cross-sectional TEM images ((c) and (d)) of
patterns created using a 5 keV Gaþ beam at normal incidence, RT and a flu-
ence of 2.0# 1017 ions/cm2, (a) and (c) FIB irradiation, (b) and (d) broad
beam irradiation.
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on Ge produced by irradiation with a FIB and a broad beam
of 5 keV Gaþ clearly demonstrates that the mechanisms re-
sponsible for the self-organized pattern formation are the
same, irrespectively of the characteristics of the ion beam.
The regular hole pattern observed after the irradiation at dif-
ferent parameters of the FIB scanning and with a broad Gaþ
ion beam without scanning demonstrates conclusively that
ion flux, scan speed, dwell time, and number of loops have
no influence on the pattern formation. Thus, using a FIB
with appropriate scanning with a large overlap of the beams
during scanning mimics perfectly a broad beam.
We would like to acknowledge I. Winkler for technical
support and DFG (FOR 845) for financial support.
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(b)(a)
FIG. 5. Snapshot of a simulation of the BS equations at (a) t¼ 250; (b)
t¼ 1000 using the following parameters: normal incidence of ions, k¼%1,
a¼ 0.25, b¼ 0.37, c¼ 1, ! ¼ 1, g¼ 0, mesh size 200# 200 points, spatial
step size Dx,y¼ 1, time steps Dt¼ 0.01, and a starting surface with white
noise. For the simulations we used the coupled equations (Eqs. (40) and
(41)) and denomination of parameters according to Ref. 22.
(a) (b) (c)
FIG. 6. (a) Zoom in simulation, (b) SEM image of a FIB produced pattern
with a picture width of 200 nm, and (c) AFM image of a broad beam pro-
duced pattern with a picture width of 100 nm and a height of 10.6 nm.
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In-plane interdot carrier transfer in InAs/GaAs quantum dots
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Using time resolved photoluminescence (PL) quenching measurements, we investigated inplane
carrier transfer in InAs/GaAs self-assembled quantum dots (QDs). THz pulses from a free-electron
laser tuned to the intersublevel transition energy were used to excite carriers to higher levels
causing quenching in the PL. These carriers could either fall back to the lower energy states and
recombine or get transferred to adjacent QDs. The relaxation of the carriers was directly reflected
in the recovery of the PL signal. Comparing measurements from two samples, we found that the
redistribution of carriers into the neighbouring QDs is the dominant mechanism of carrier
relaxation. The data were fitted using a rate equation model to estimate the PL recovery time
which we attribute to the interdot carrier transfer time. VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3701578]
In a semiconductor quantum dot (QD), three-
dimensional confinement of the electrons and holes results in
discrete electronic states resembling a quasi atom-like sys-
tem. Despite the narrow emission lines from individual dots,
the optical emission spectrum from an ensemble of self-
assembled QDs is inhomogeneously broadened, arising from
the distribution of size and composition of the QDs. Due to
the involvement of a large number of dots with different
energy levels, the carrier dynamics of such an ensemble is
strongly affected by contributions from interdot diffusion
and trapped-carriers. Time resolved photoluminescence (PL)
experiments1–5 have been used to investigate the interband
carrier relaxation mechanisms in QDs. THz spectroscopy6
and THz modulated PL measurements7–9 probe the intraband
transitions in QD ensembles. However, most of the THz
modulated experiments were performed in a time integrated
mode and the carrier relaxation mechanisms for intraband
transitions were not investigated. The carrier dynamics in
QDs depend on the density, size, and composition of the
dots. Though the properties of QDs grown under different
conditions are diverse making a quantitative comparison of
sample properties difficult, a qualitative understanding and
identification of the processes are still useful. In general, car-
riers in higher energy levels in QDs can either relax directly
to lower states or diffuse into adjacent dots. These relaxation
paths can be tuned by post-growth annealing.10 Time-
resolved spectroscopy on samples with different intersuble-
vel relaxation times gives insight into intraband carrier dy-
namics in these dots.
In this letter, we report on time resolved PL measure-
ments on InAs QDs where carriers are excited quasi-
resonantly by a near infrared (NIR) picosecond laser and
redistributed by time-delayed THz pulses. When excited
non-resonantly in the barrier, as was done in most of the pre-
vious measurements, all the QDs were equally populated and
contributed to the PL. This made it difficult to distinguish
different transition in different dots. We therefore excite
below the barrier energy so that electron-hole pairs are gen-
erated only in selective QDs. Using a second THz pulse from
a free electron laser (FEL), we induce quenching of the PL
by re-exciting carriers to higher levels within the QDs. The
analysis of the PL recovery allows us to investigate the
underlying carrier relaxation mechanisms and their time
constants.
The InAs QD samples were grown on a (100) GaAs sub-
strate using molecular beam epitaxy, in the Stranski-
Krastranow growth mode. The samples consisted of 80
layers of QDs separated by 50 nm wide GaAs barriers to
ensure that there is no electrical or optical coupling between
adjacent layers. The QD samples were annealed at different
temperatures resulting in blue shifted PL and red shifted
intersublevel transition (ISLT) energies.11 Due to the phonon
bottleneck, samples with different ISLT energies had intersu-
blevel (ISL) relaxation times varying from a few picosec-
onds to nanoseconds.10 The QD density was estimated to be
about 4! 1010cm"2 with an average base diameter of 20 nm
and height of about 5 nm, before capping. The QDs were n-
doped by a Si-layer grown #2 nm below the QD layers, pro-
viding an average doping of one electron per dot. The PL ex-
citation was performed using a tunable mode-locked
Ti:sapphire laser, emitting #4 ps long NIR pulses. The laser
was tuned to energies below the wetting layer ground state
energy for quasi-resonant excitation of the QDs. Typical PL
spectra from the sample S850, for excitation energies close
to resonance, are shown in Figure 1(a). Two phonon-medi-
ated12,13 ground state (s-state, as marked in Figure 1(b)) tran-
sitions of two subsets of QDs are observed at DE¼ 27meV
and 36meV, corresponding to InGaAs and GaAs LO pho-
nons, respectively. DE is the difference of the excitation
energy and the measured PL energy. However, at these exci-
tation energies the PL emission is very weak. With increas-
ing NIR photon energy (about 1.387 eV and higher), aa)Electronic address: j.bhattacharyya@hzdr.de.
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second peak appears around 55meV. This peak corresponds
to emission from s-states of another subset of QDs, whose p-
states are coupled to the incident photons via the 36meV LO
phonon. Due to the broad linewidth, some smaller QDs too
have their ground state emission around the 36meV. Thus
for higher excitation energies, the peak around 36meV con-
sists of recombination from both p-like and s-like states.
However, the s-state recombination is dominant, as will be
clarified later. The peak farthest from the NIR excitation
energy is the lower energy peak of the PL which is purely s-
like.
In order to manipulate the carrier distribution, the QD
ensemble was excited by strong THz pulses from the FEL at
Helmholtz-Zentrum Dresden Rossendorf. The FEL was
synchronized to the Ti:sapphire laser and its wavelength was
tuned to the electron ISLT energy in the conduction band, as
obtained from THz absorption measurements.10 The details
of the setup are discussed elsewhere.14 Time and wavelength
resolved PL was detected by a Hamamatsu streak camera
coupled to a spectrometer. The time resolution of the meas-
urements was #15 ps. The sample was cooled in a He cryo-
stat to 8K.
Figures 2(a) and 2(b) show typical streak camera images
of the PL emission from the QD ensemble without and with
THz pulse, respectively. The vertical axes give the emission
energies and the horizontal axes represent time. Plots along
the horizontal blue and red lines give the PL transients
shown in Figures 2(c) and 2(d). The measurements were
performed on two QD samples annealed at different temper-
atures and having parameters as listed in Table I. For quasi-
resonant excitation of samples S850 and S900, the NIR
photon energies were 1.397 eV and 1.442 eV, respectively.
The plots in Figure 2 show PL from sample S900 excited
about 40meV above resonance but still below the wetting
layer ground state energy. The bright spot around 100 ps (at
1.43 eV) is the scattered NIR excitation. Before the incidence
of the THz pulse the PL intensity showed an initial rise and
then decayed due to loss of carriers by radiative recombina-
tion [blue arrows in Figure 1(b)]. The THz pulse was made
incident on the sample about 150 ps after the NIR pulse
resulting in excitation of carriers to the higher levels in the
QDs [red arrows in Figure 1(b)]. This caused decrease in the
PL intensities appearing as dips in the PL transients in Fig-
ures 2(c) and 2(d). As reference plots, we measured the PL
transient with the THz pulse temporally shifted away from
the measured time window to nullify any lattice heating
effect which would influence the PL dynamics. The observa-
tion of quenching in both PL peaks, for FEL photon energy
resonant to the s-p electron transition, indicates that the high
energy peak is dominantly s-like. The quenching is attributed
to the THz excitation primarily of the electrons since the
THz energy is non-resonant to the hole ISLT energies. The
quenched and the reference plots show that eventually the
PL signal recovers due to carriers relaxing back into the
s-state [black arrows in Figure 1(b)] and recombining. How-
ever, this behaviour depends strongly on the PL energy.
From comparison of Figures 2(c) and 2(d), we observe that
the recovery of the quenched PL for the lower energy peak is
much more pronounced. For the higher energy peak, the sig-
nal recovers but does not overshoot the reference value. This
behavior is observed in both samples studied. The apparent
loss of carriers for the higher energy peak and a gain in the
lower energy end indicate a thermalization of carriers to
FIG. 1. (a) Typical PL spectra of S850 for quasi-resonant excitation where
the horizontal axis gives the difference of the excitation energy and the
measured PL energy. The black, red, green, and blue lines correspond to
1.363 eV, 1.367 eV, 1.387 eV, and 1.398 eV excitation energies, respec-
tively. (b) The QD band diagram showing the FEL (THz) excitation in red,
the PL recombination in blue and the relaxation paths in black arrows. As
shown, the QD "A" loses carriers while QD "B" gains carries due to carrier
redistribution after THz excitation. The NIR excitation is not shown.
FIG. 2. Streak camera image of the PL transient at 8K from the QD sample
S900 for quasi-resonant excitation by the Ti:sapphire laser (a) without FEL
pulse and (b) with FEL pulse (quenching by the FEL pulse is indicated by
the arrow) of fluence 1 lJ=cm2. PL transient integrated over few meV
around (c) 1.42 eV (red lines) and (d) 1.40 eV (blue lines) showing the
quenching of the PL. The reference transients are shown by dashed lines.
TABLE I. Sample details at 10K (Ref. 10).
Sample #
Annealing
temperature
(%C)
PL peak at
8K (this work)
(eV)
ISLT
energy
(meV)
ISL
relaxation
time (ps)
srec at 8K
(this work)
(ps)
S850 850 1.340 20 60 55
S900 900 1.396 15 1500 80
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lower energy dots induced by the THz pulse. For quasi-
resonant excitation, the PL is emitted primarily due to the ex-
citation and recombination of excitons within the same QD.
Thus the carriers cannot thermalize into QDs with lower
energies. The THz excitation transfers the carriers to higher
levels from which they can get redistributed into lower
energy dots via the wetting layer or by tunneling. Such
interdot carrier transfer in these samples has been reported
earlier9 leading to trapped-carrier luminescence. For compar-
ison, in quantum well (QW) samples15 where PL is emitted
from only one energy level, the amount of recovery balances
the number of quenched carriers for the given transition.
For a quantitative understanding we fitted our data with
a multi-level rate equation model, which has been used for
PL quenching in QWs.15 Here we will discuss some of the
basic features and modifications of the model. The PL inten-
sity was proportional to the occupation number of the radia-
tive state. The PL transient without the THz pulse was fitted
with exponential curves having rise and decay time constants
of about 30 ps and 400 ps, respectively. The measurement re-
solution was taken into account by convolving the fitting
function by a Gaussian with a FWHM of 12 ps. At the time
of incidence of the THz pulse, a fraction of the carriers “q”
was excited to the higher energy states. The parameter “q” is
therefore directly related to the PL dip depth at the quench.
The recovery of the PL resulted from relaxation of the car-
riers from the excited state with a time constant srec. For the
QW sample in Ref. 15, the PL rise and recovery times were
found to be practically identical. However, this does not hold
for QD ensembles as the mechanism of relaxation of the car-
riers is different. For QWs, the intersubband relaxation is
very fast (few ps) and the recovery time depends on the non-
radiative relaxation of carriers by phonon scattering from
high momentum states to the C-point. The PL rise time, too,
involves the same non-radiative relaxation channel. However
for QDs, the presence of spatially separated dots offers two
recombination channels, (i) the carriers relax to the ground
state of the same dot and recombine, and (ii) the carriers get
redistributed into the neighbouring dots and then recombine,
as shown in Figure 1(b). A fit of the data using just one relax-
ation channel, where the quenched carriers fall back into the
same dots and no interdot transfer is allowed, is shown by
the dashed lines in Figure 3. The fits are unable to account
for the energy dependent recovery of the PL. The model was
therefore modified and an additional recovery path, with the
same time constant srec, accounting for the interdot transfer
was included. The interdot transfer flux defined by nQD takes
a negative (positive) value for loss (gain) of carriers and
gives good fit to the experimental data as shown in Figure 3.
Measurements were performed on samples S900 and
S850 for THz photon energies of 15meV and 20meV,
respectively. Variation of q as a function of the THz fluence
(defined by intensity per pulse) plotted in Figure 4(a) shows
a saturation behaviour. This is explained by the complete
depletion of the QD ground states. We attribute the stronger
quenching in S900, compared to S850, to the fact that due to
much broader ISL absorption feature in S900,10 the THz
pulse hits the ISLT resonance better. The higher value of q
also tallies with the longer ISL relaxation time of S900. The
amount of quenching of the two states for each sample is
quite similar. However, the plots of nQD in Figure 4(b) show
a contrasting nature for the two transitions in both the sam-
ples. The low energy peak has a considerable gain of carriers
shown by the high positive value while the high-energy peak
exhibits mostly negative values for nQD. The higher carrier
transfer for S900 compared to S850 is due to the more pro-
nounced quenching and weaker confinement of the levels in
S900. The fitted value of srec was typically 55 ps for S850
and 80 ps for S900. Even though the ISL relaxation times of
S900 and S850 (1.5 ns and 60 ps, respectively) (Ref. 10)
were orders of magnitude different, the srec had quite similar
values. The ISL relaxation times listed here were obtained
from ISL absorption of the doped electrons. For PL measure-
ments, due to the presence of extra electrons and holes (in
addition to the doped electrons) excited by the NIR pulses,
the relaxation times become faster via electron-hole scatter-
ing.16 This, however, cannot account for differences in the
recovery of the PL signal for different emission energies,
indicating the strong influence of interdot carrier transfer.
The carriers can either tunnel into adjacent dots or get trans-
ferred over the barrier with an effective time constant which
can be associated with the srec defined in the fitting model.
Such re-excitation can be induced by multiphoton (THz)
absorption. This is supported by the fast saturation of the q
FIG. 3. Plot of the measured time resolved PL emission (gray filled region)
from QD sample S900 at the (a) high and (b) low energy PL peaks for quasi
resonant Ti:sapphire excitation. Quenching of the PL by the FEL pulse occur
around 300 ps. The transients are fitted using rate equation model with (solid
line) and without (dashed line) interdot carrier transfer channels.
FIG. 4. The amount of (a) PL dip depth q and (b) interdot carrier transfer
nQD as obtained from the rate equation model fit. The circles and the squares
represent samples S900 and S850, respectively. The open (solid) symbols
correspond to the higher (lower) energy PL peak.
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with THz fluence. In this whole argument, the contribution
from the holes is ignored because the THz energy is non-
resonant to the hole transitions. Also the hole relaxation is
much faster (few ps), because of the valence band mixing,
which cannot account for the observed recovery time.
In conclusion, we have performed time resolved PL
spectroscopy of QD ensembles which were re-excited by a
time delayed THz pulse. This THz pulse resulted in a tran-
sient quenching of the PL, which allowed us to investigate
the carrier relaxation and to determine directly the intraband
carrier dynamics in the QDs. Simultaneous measurements of
PL transients at two different emission bands indicate an
FEL-induced transfer of PL intensity between these two
bands after recovery from the quenching. In addition, we
found that the PL recovery time is much faster than the elec-
tron inter-sublevel relaxation time as obtained from pump
probe measurements.10 Both the spectral PL redistribution
and the reduction in PL recovery time are attributed to inter-
dot carrier transfer. Though a precise identification of the
transfer mechanism is beyond the scope of this work, we
have shown that even for low QD densities (4! 1010cm"2 in
our case) the interdot carrier transfer influences intraband
carrier dynamics in self assembled QDs.
We thank P. Michel, W. Seidel, and the FELBE Team
for their dedicated support.
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Temperature dependence of the intraexcitonic AC Stark effect in
semiconductor quantum wells
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We have investigated the temperature-dependent, intraexcitonic AC Stark effect that manifests
itself in a line splitting of the heavy-hole 1s exciton transition in a GaAs/AlGaAs multi quantum
well when the 1s-2p intraexciton transition is driven by intense THz light. The observed
wavelength-dependent splitting at Helium temperature can still be distinguished at elevated
temperatures up to 200K. Although the thermal energy exceeds the exciton binding energy by a
factor of 1.7, thermal exciton ionization influences the coherent nonlinear effect only indirectly via
thermal line broadening. With a threefold transmission change on ultrafast timescales in a region
accessible to Peltier-cooling the scheme could be promising for optical modulators. VC 2012
American Institute of Physics. [doi:10.1063/1.3681399]
Exciting a semiconductor material at its bandgap can
create bound electron hole pairs known as excitons. With its
oppositly charged constituents these quasiparticles perfectly
behave as a hydrogen atom. However, its Rydberg energy is
scaled down by 3 orders of magnitude resulting in a few
meV binding energy. This energy range is accessible by the
meanwhile well established techniques of terahertz (THz)
spectroscopy by which it is now possible to investigate
atomic physics in solid state semiconductor structures, giv-
ing insight in exciton formation and intraexcitonic transi-
tions. For instance, several studies in the linear optical
regime have addressed the dynamics of exciton formation1–3
or proved optical gain for intraexcitonic transitions.4 It is
especially of interest how these artifical atoms behave in
intense electromagnetic fields where strong nonlinear optical
effects are expected.5 THz fields of the order of 10 kV/cm
and above are easily reached by free-electron lasers or
recently also by table-top THz time domain systems.6,7 In
the perturbative regime where the polarization can still be
expanded in a power series of the electric field, near-infrared
THz sideband generation8,9 was reported. Increasing the field
strength results in a non-negligible population of the excited
state that is coupled to the THz radiation. In this non-
perturbative regime, combined light-matter states or dressed
states occur and manifest themselves in Rabi oscillations in
the time domain10 and as AC Stark splitting11,12 in the
frequency-domain. Going beyond that regime strong field
effects are predicted such as high-harmonic generation13 or
exciton field ionization that is known from strong dc electric
fields.14
Recently we have discussed the AC Stark or Autler-
Townes effect in GaAs/AlGaAs multiple quantum wells.15
The effect revealed itself in the near-infrared (NIR) transmis-
sion spectrum as a distinct pump wavelength dependent line
splitting of the heavy-hole hh(1s) exciton when the intraexci-
tonic 1s-2p transition is driven. Here, we extend the former
low-temperature (10K) study to higher lattice temperatures
up to room-temperature using the same sample as investi-
gated before.
The Dresden free-electron laser FELBE serves as high-
power THz source to drive the intraexcitonic transition. Its
beam is focused on the sample at normal-incidence via a par-
abolic off-axis mirror with 5 cm focal length as depicted in
Fig. 1(a). Note that for this focal length at a photon energy of
2.5 THz a typical spot diameter is 400 lm, resulting in field
strengths of up to 150 kV/cm for pulses of the order of 10 ps.
A hole drilled in the mirror along the optical axis allows the
NIR probe beam to pass for collinear propagation of pump
and probe beam through the sample. The 78MHz NIR light
pulses originate from a 110 nm broadband Ti:Sapphire laser
FIG. 1. (Color online) (a) Setup for measuring the NIR transmission of the
multi-quantum well (MQW) sample under THz illumination. (b) Schematic
splitting by the Rabi frequency X of the heavy-hole 1s and 2p states when
resonantly coupled by intense THz light. (c) NIR absorption for different
lattice temperatures at a THz photon energy of 14meV (above the 1s-2p
resonance). Absorption traces are plotted for different THz peak field
strengths as indicated and are referenced to the temperature-dependent
hh(1s) position xNIR,0.
a)Electronic mail: mwagner@physics.ucsd.edu.
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(femtolasers: Femtosource Scientific sPro). In order to moni-
tor only the THz induced spectral changes its repetition rate
is reduced by an acousto optical pulse picker to the free-
electron laser’s 13MHz. Both lasers are synchronized with a
timing jitter of 1-2 ps. The sample is mounted in a liquid He
flow cryostat. Z-cut Quartz windows transmit the THz and
NIR beam while a grating spectrometer with a CCD camera
detects the NIR transmission of the sample.
The sample is made of 60 alternating layers of 8.2 nm
thin GaAs wells in between 19.6 nm thick Al0.34Ga0.66As
barriers. The GaAs substrate has been removed by wet etch-
ing after the sample was glued on NIR transparent ZnTe sub-
strate. Employing NIR pump and broadband THz probe
time-domain spectroscopy the intraexciton 1s-2p transition
has been found to lie at 9meV with a linewidth of 3meV.
In Ref. 15 we have reported a distinct line splitting of the
hh(1s) absorption peak given by the Rabi energy !hX when
driving the system resonantly on the intraexciton 1s-2p transi-
tion, as schematically shown in Fig. 1(b). Illumination below
and above resonance results in high- and low-energy Rabi
sidebands, respectively. Note that the 2p state also splits but
cannot be probed by interband NIR excitation due to selection
rules. In Fig. 1(c) the 10K absorption for a THz photon energy
of 14meV (above resonance) is plotted for different THz peak
field strengths. Note that the traces are horizontally normal-
ized to the hh(1s) peak position, i.e., without THz illumination
(gray line) the hh(1s) absorption peak is found at 0meV while
the lh(1s) peak lies at 16meV with the hh(2s) shoulder in
between. With increasing THz field strength distinct spectral
changes occur. At the lowest field strength of 7.3 kV/cm the
Rabi sideband lies below the hh(1s) absorption line at
!5meV. A line broadening probably due to exciton field ioni-
zation14 is already present and increases with field strength.
For fields above approximately 16 kV/cm an asymmetry re-
versal is seen where the less pronounced Rabi sideband has
been shifted over to the high-energy side. This behavior has
been observed in our previous study; however, the field
strengths applied here are higher due to a smaller THz focus.
The asymmetry reversal might be attributed to a dynamical
shift of the 1s-2p resonance with increasing field strength,
since a symmetric splitting around the undriven hh(1s) posi-
tion in two peaks of equal height is observed for 13 kV/cm
(not shown) indicating that the intraexcitonic resonance has
moved from the zero-field value of 9meV to 14meV at
13 kV/cm. However, an additional renormalization of the
involved energy states is probably superimposed because the
line shape becomes highly asymmetric as illustrated for
16.3 kV/cm peak field strength. The different peak fields have
been chosen to demonstrate the temperature-dependent
changes for the low-field regime where the Rabi sideband is
on the low-energy side as expected from a simple two-level
model, as well as for the high-field regime with the unex-
pected peak energetically above the undriven hh(1s) position.
At a lattice temperature of 100K the absorption strongly
resembles the low temperature case though the linewidth has
increased slightly due to thermal broadening.16 At an even
higher temperature of 200K the undriven absorption line has
considerably broadened and decreased in height. However,
the THz field dependent characteristics are still distinguish-
able, i.e., absorption at 10.9 kV/cm differs strongly from the
one at 16.3 kV/cm. Compared to the 10K absorption only
the overall linewidths have increased. Finally, at room tem-
perature the line broadening masks any Rabi sidebands. But
still a strong field dependence is visible with a THz induced
transmission increase at the hh(1s) exciton position.
So far the system has been driven above resonance. In
Fig. 2(a) the near-resonant case with a THz photon energy of
10.5meV is plotted for different temperatures. At 100K and
moderate THz peak field strength of 7 kV/cm we find a
nearly symmetric splitting in contrast to the aforementioned
pumping above resonance at this power. Increasing the field
to 12.8 kV/cm the Rabi sideband is shifted in between the hh
and lh peaks. At 200K Rabi sidebands are still weakly
observable but have vanished at room temperature.
Pumping with 6.1meV THz photon energy, i.e., below
resonance, in Fig. 2(b) results in a small Rabi sideband
6meV above the hh(1s) exciton for 6.1 kV/cm. For 16.4 kV/cm
the sideband has already merged with the lh state. Since the
sideband is only weakly pronounced here it is not distin-
guishable any more at higher temperatures. However, for
comparable field strengths of 6-7 kV/cm we find from Figs.
1(c) and 2 that the AC Stark effect is still observable at ele-
vated lattice temperatures of 200K with spectral features
being distinctly different for varying THz photon energies.
At room temperature only a THz induced decrease of the
hh(1s) absorption occurs that is unspecific of the pump fre-
quency. At 200K the thermal energy of 17meV well exceeds
the exciton binding energy. There is only few literature
related to the intraexciton 1s-2p transition at elevated tem-
peratures or strong THz fields. Already for a lower tempera-
ture of 80K, Kaindl et al.3 have reported thermal exciton
ionization in linear THz absorption measurements to occur
on a time scale of a few picoseconds after optical excitation.
The resulting ionized excitons and unbound electron-hole
pairs lead to vanishing internal intraexcitonic transitions for
these time delays. In intense THz fields Steiner et al.13 have
calculated decreasing Rabi sidebands in the THz response
with a decreasing fraction of 1s excitons coexisting with a
fixed correlated electron-hole plasma. However, in our mea-
surement the nonlinear response does not appear to suffer
FIG. 2. (Color online) Lattice temperature-dependent NIR absorption traces
for a THz photon energy of (a) 10.5meV (near resonance) and (b) 6.1meV
(below resonance). Besides the undriven reference (gray line) two different
THz peak field strengths are given as indicated in the legend.
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from thermal exciton ionization accompanied by a decaying
1s exciton population. Thermal broadening determines the
linewidth of the observed Rabi sidebands but does not sup-
press them, since we probe a coherent effect insensitive to
changes in the exciton population that occur after the probe
pulse has passed.
Pumping above resonance (Fig. 1(c)) a transmission
increase by a factor of 3 is found at 200K at the hh(1s) spec-
tral position and a 30% transmission change right below.
This temperature is well in the range of Peltier cooling ele-
ments and demonstrates a possible concept for an optical
modulator. At room temperature transmission increases by
60% for THz illumination at the hh(1s) exciton. These
changes occur only in the presence of the driving THz pulse,
as demonstrated in Fig. 3 for the near-resonant case at room
temperature. Here, the synchronized NIR probe pulse is tem-
porally shifted by time steps of 2.7 ps with respect to the
THz pump pulse to obtain delay-dependent transmission
spectra. These are compared to the THz pulse profile on the
right hand side which is taken from the cross-correlation sig-
nal between NIR and THz pulse. It was detected in a 300 lm
thin GaP crystal using intensity-based electro-optic sampling
with a single Si photodiode.17 The THz pulse length is con-
sistent with the Fourier limit obtained from the spectrum.
The adiabatic absorption change with constant signal height
before and after the pulse on picosecond time scales also
implies that excitons ionized by the strong THz field recover
instantaneously when the THz pulse has vanished.
In conclusion, large changes in the NIR absorption of
GaAs/AlGaAs quantum wells have been observed up to
room temperature when the intraexcitonic 1s-2p transition is
pumped. With strongest effects occurring when the system is
driven above resonance, the distinct wavelength-dependent
characteristics of the AC Stark effect can be distinguished up
to 200K. Demonstrated picosecond response times, thermal
robustness of the excitonic system, a threefold transmission
change at 200K and a simple all-normal incidence geometry
could be relevant for optical modulators. We emphasize that
nonlinear optics of intraexcitonic transitions is still an active
on-going field of research where other effects known from
atomic physics such as high-harmonic generation have been
predicted in the quasi-atomic excitonic system as well13 but
which are not yet proven experimentally.
The authors acknowledge A. M. Andrews and G.
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the sample (all TU Vienna). We thank P. Michel, W. Seidel,
and the FELBE Team for their dedicated support.
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Hysteretic anomalous Hall effect in a ferromagnetic, Mn-rich Ge:Mn nanonet
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Ferromagnetic Ge:Mn has been fabricated by Mn implantation in intrinsic Ge wafers and by pulsed
laser annealing with a pulse duration of 300 ns. Due to a segregation instability during laser
annealing, Mn segregates at the liquid-solid interface and an approximately 40 nm thick Ge:Mn
surface layer is strongly enriched with Mn. Plan-view images reveal a percolating Mn-rich
nanonet. Hysteretic anomalous Hall effect has been observed up to 30K, but it vanishes after
etching away the 40 nm thick Mn-rich Ge:Mn surface layer. The nanonet seems to support the
correlation between magnetization and hysteretic Hall resistance. Intrinsic scattering in the threads
or vertices of this nanonet may lead to the observed anomalous Hall effect. VC 2012 American
Institute of Physics. [doi:10.1063/1.3674981]
The fabrication of ferromagnetic semiconductors is one
requisite step to realize semiconductor spintronic devices.
Besides ferromagnetic GaAs:Mn, also Ge:Mn is a very inter-
esting material for spintronics.1–8 Electronic spin diffusion
lengths larger than 100 lm have been demonstrated in Ge
nanowires at 4.2K.9 Also electrical spin injection and trans-
port have been demonstrated in weakly n-doped Ge up to
225K.10 In a previous work, we fabricated ferromagnetic
Ge:Mn by Mn ion implantation and pulsed laser annealing
(PLA) as a highly nonequilibrium method.11 So far, PLA
was applied to III-V semiconductors6,7 and Ge:Mn.8 Hyste-
retic Hall resistance has been observed in Ge:Mn at low tem-
peratures.11 Similarly to low temperature molecular beam
epitaxy (LT-MBE),1,3 the formation of Mn-rich ferromag-
netic precipitates inside Ge:Mn has been observed. Espe-
cially, after PLA, the Mn segregation may lead to the
formation of a Mn-rich surface layer.11 In this work, we find
that under specific PLA conditions and Mn implantation pa-
rameters, the Mn segregation at the liquid-solid interface
leads to the formation of a percolating, Mn-rich, Ge:Mn
nanonet in the 5–40 nm depth range. We applied chemical
and physical etching to confirm the contribution of the nano-
net to the observed correlated magnetization and hysteretic
anomalous Hall effect.
Mn has been implanted in highly resistive (nearly intrin-
sic) n-type (001)-Ge wafers with liquid nitrogen cooling with
a maximum implantation depth of 180 nm. PLA was per-
formed by a scanning laser with 10 kHz repetition frequency,
40 lm! 2 mm large laser stripes and 75% modal overlap
between adjacent laser stripes. The outcome of this is a lateral
annealing periodicity of around 10lm. Further details about
the sample fabrication can be found in Ref. 11. Fig. 1 presents
the Auger spectra that show the depth dependent Mn concen-
tration from the surface into the sample (from left to right) for
two different electron beam diameters, namely 1lm and
15lm. The relative error for the depth information amounts to
ca. 30%. After PLA, the strong segregation of Mn within an
only few nm thick surface layer of the Ge:Mn film is clearly
visible. A second maximum in the depth dependent Mn con-
centration is visible at a depth of 60 nm for an AES spot diam-
eter of 1lm. That is a clear indication for a lateral variation of
the depth distribution of Mn caused by the variation of the
laser energy density. The inset of Fig. 1 presents the tempera-
ture dependent remanence of this sample after PLA measured
by SQUID. The remanence strongly drops up to 30K.
Between 40K and 120K, the remanence is very sensitive
FIG. 1. (Color online) Auger electron spectroscopy measurements performed
on the as-implanted Ge:Mn and the PLA Ge:Mn. The measurements with a
15lm broad electron beam (15lm AES) show a clear segregation of Mn
towards the surface. Locally (1lm AES) there exists also a slightly different
Mn-distribution after PLA due to the lateral annealing periodicity of 10lm.
The inset shows the temperature dependent magnetic remanence of the
Ge:Mn film after PLA from temperature dependent SQUID measurements.a)Electronic mail: d.buerger@hzdr.de.
0003-6951/2012/100(1)/012406/4/$30.00 VC 2012 American Institute of Physics100, 012406-1
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towards small residual fields in the SQUID. Therefore, the
measurement presented in the inset of Fig. 1 was performed
after a complete warm up and cool down process of the
SQUID system to prevent trapped magnetic flux in the
SQUID coils. Small residual positive (negative) fields (5Oe)
lead to a larger (smaller) remanence. Above 120K, the rema-
nence measured by SQUID at small positive/negative fields is
similar and vanishes at 220K. Long time annealing (35min)
at 180 "C under Ar atmosphere increases the Curie tempera-
ture from 220K to 250K.12 The temperature dependence of
the remanence does not change if a 10 nm thick surface layer
is etched away. Zero-field-cooled/field-cooled and M-T meas-
urements after 10 nm etching show a similar behavior as al-
ready presented in Ref. 11. Therefore, we first recommend
magnetotransport measurements to bring out the influence of
specific PLA conditions on the properties of ferromagnetic
Ge:Mn.
The AES data well agree with the results from transmis-
sion electron microscopy (TEM) measurements that are dis-
cussed in the following. TEM measurements were performed
with a 300 kV Cs-corrected FEI Titan TEM device. Fig. 2
shows the plan-view (etched and non-etched) and the cross-
section (XTEM) morphology of the annealed Ge:Mn film in
detail. The film is covered by a thin polycrystalline Ge:Mn
layer with a thickness of around 4 nm below the carbon glue
(Fig. 2(a)). Fig. 2(b) shows the XTEM on a larger scale. Due
to the amorphization during preparation of the XTEM sam-
ple, the polycrystalline character of this layer is only visible
in the plan-view as shown in Fig. 2(c). A typical diffraction
pattern of the plan-view TEM image is shown in Fig. 2(d).
The diffraction rings can be assigned to Ge2Mn5 phases em-
bedded in the top of the film, i.e., the approx. 4 nm thick top
layer. The presence of other known Ge:Mn phases is very
unlikely. Below this approx. 4 nm thick top layer, an approx.
35 nm thick layer consisting of a single-crystalline Ge:Mn
matrix and Mn-rich tadpole-shaped precipitates13 is visible
(Figs. 2(a) and 2(b)). The nearly regular distribution of the
tadpole-shaped precipitates (Fig. 2(b)) can be interpreted as a
cut through a regularly formed nanonet. This becomes visible
in the high angle annular dark field (HAADF) plan-view
image14 after etching the top 10 nm thick surface layer away
(Figs. 2(e) and 2(f)). The nanonet is not visible in the non-
etched plan-view sample because most probably a dephasing
of the electron wave in the 4 nm thick polycrystalline top
layer masks the structure of the underlying nanonet. For
quantitative understanding of the TEM contrast appropriate
TEM image simulation is necessary. In the single crystalline
Ge:Mn surrounded by the nanonet in a depth of around
10 nm, the Mn concentration lies below the energy dispersive
X-ray spectroscopy (EDX) detection limit of 10%. The amor-
phous nanonet contains more than 50 at. % Mn. This was
determined by EDX measurements in XTEM. Moreover,
EDX measurements were also performed in plan-view geom-
etry. The results show that Mn is only detected at the analy-
sing point 2 (Fig. 2(e)). The formation of similar structures
has been experimentally observed and theoretically described
by Narayan15 for pulsed laser annealed silicon after ion
implantation.
To clarify the contribution of the 4 nm thick Ge2Mn5 top
layer and of the nanonet in a depth from 5 to 40 nm to the
transport properties, it is necessary to remove them in two
steps. Chemical etching as reported in Ref. 16 preferentially
removes the 4 nm thick Ge2Mn5 layer and the Mn-rich nano-
net and leaves the single crystalline Ge:Mn matrix behind.12
We also used physical ion beam etching to homogeneously
etch away the top 10 nm and 40 nm layers in two steps. The
etching was done with 300 eV Arþ ions under an angle of 3"
to the surface using the ion beam tool IonSys500 from Roth
& Rau. The determined etching rate with an applied ion cur-
rent of 34 lAcm2 was 2 nm/min. Smooth Ge:Mn surface etching
was achieved by rotating the sample 10 times per minute
during etching. After etching away 40 nm, nearly the entire
nanonet was removed.12
The magnetotransport measurements were performed
with a 9 T Hall measurement system from Lakeshore in van
FIG. 2. TEM images of Mn implanted Ge annealed with PLA. (a) In the
high resolution XTEM image, an approx. 4 nm thick polycrystalline layer is
visible on top of the Ge:Mn film (1). The tadpole-shaped precipitate (2) is
embedded in the crystalline Ge:Mn matrix (3). The white lines are guides to
the eye. (b) An overview over nearly regularly distributed tadpole-shaped
precipitates. (c) A plan-view image shows Mn-rich phases on top of the
Ge:Mn film before etching. (d) The rings of the diffraction pattern from (c)
can be assigned to nearly randomly oriented Ge2Mn5. (e) The HAADF plan-
view image after etching reveals the Mn-rich amorphous Ge:Mn nanonet.
EDX analysis on crystalline Ge:Mn (point 1) shows no detectable Mn,
whereas EDX on the nanonet (point 2) reveals more than 50% Mn. (f) The
conventional TEM image of the percolated Mn-rich nanonet reveals vertices
with three and four threads.
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der Pauw geometry after implantation and annealing, and af-
ter etching. After annealing, the sheet resistance is smallest
in the entire temperature range compared to the as-implanted
and etched Ge:Mn sample (Fig. 3). After etching away the
top 10 nm, the sheet resistance increases by a factor of 1.5 at
5K. Further etching down to a depth of 40 nm and also
chemical etching increases the sheet resistance by nearly two
orders of magnitude at 5K. These results indicate that the
polycrystalline Mn-rich 4 nm thick top layer and the Mn-rich
amorphous nanonet are highly conducting. An insulating
behavior down towards low temperatures can only be
observed without the percolating nanonet. Between 20K and
200K, the chemically etched sample shows an even higher
sheet resistance. The difference possibly originates from the
4 nm thick amorphous layer on top of the physically etched
film. Independent from TEM measurements, the successful
removal of the nanonet has been confirmed by SQUID mag-
netization measurements. The saturation magnetic moment
decreases by approx. 5% after 10 nm etching, by 70% after
40 nm etching and by 90% after chemical etching. Above
270K, the drop of the sheet resistance for all samples can be
fitted with a thermal activation energy close to 0.4 eV most
probably due to the intrinsic conduction of Ge. A direct evi-
dence for the percolating nature of the higher conductivity of
the nanonet compared to the substrate has been observed by
room temperature scanning spreading resistance microscopy
(SSRM) measurements on a 10 nm etched sample. During
SSRM, the current locally flows between the SSRM mea-
surement position in the center of the quadratic sample (area
25 mm2) and the sputtered gold contact at one edge of the
sample.17 The inset of Fig. 3 shows a 450 nm long linescan
with a spatial resolution of around 4 nm. Six sharp drops of
the spreading resistance RS by two orders of magnitude have
been found. This result can be expected from the TEM plan-
view measurements and directly confirms the percolating na-
ture of the highly conductive nanonet.
As it can be seen in Fig. 4, a clear hysteresis up to 30K is
visible in the Hall resistance for samples after PLA and after
etching away 10 nm. This temperature correlates with the tem-
perature above which the magnetic remanence of the nanonet
has strongly decreased (shown in the inset of Fig. 1). The
insets show the Hall resistance from $9T up to þ9T. Due to
the n-Ge substrate and/or the conductive nanonet, the Hall re-
sistance of the 10 nm etched sample slightly changes at low
temperatures which becomes more visible at 30K and 50K.
Up to 30K, a negative magnetoresistance is observed in the
weak field region.12 The magnetoresistance becomes positive
when the hysteresis in the Hall resistance clearly vanishes.
The Hall resistance measured on the sample after 40 nm etch-
ing reveals no hysteresis. The observed n-type conductivity
reflects the influence of the n-doped substrate.12,18 The n-type
sheet carrier concentration of the PLA sample after etching
40 nm and of the virgin n-Ge substrate are similar and increase
from around 1010 cm$2 to 1012 cm$2 between 5K and 300K,
respectively. Layers deeper than 40 nm do not seem to contain
a significant amount of electrically active Mn acceptors. Oth-
erwise, p-type sheet carrier concentrations above 1015 cm$2
should be measured. Therefore, the hysteretic Hall resistance
has its origin in the top Ge:Mn layer which consists of the
FIG. 4. (Color online) Hall resistance of Mn implanted Ge after PLA and
after etching away 10 nm. The insets show an overview of the Hall resist-
ance (in units of X) for both samples from $9T to 9 T. A clear hysteresis at
30K is visible for the non-etched sample, whereas 10 nm etching leads to a
vanishing hysteresis at 30K. At higher temperatures, the n-type substrate
seems to influence the Hall resistance. The results indicate that the nanonet
is responsible for the hysteretic anomalous Hall effect.
FIG. 3. (Color online) Sheet resistance of the as implanted, pulsed laser
annealed Ge:Mn and after etching away a 10 nm and a 40 nm thick surface
layer. After etching away 40 nm, there is an overall increase in the sheet re-
sistance similar to the chemically etched Ge:Mn. This indicates that the pol-
ycrystalline Mn-rich top layer and the underlying nanonet are mainly
responsible for the electrical properties in PLA Ge:Mn. The inset shows the
SSRM data probed on a 450 nm long section line in the center of the 10 nm
etched sample.
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nanonet embedded in the single crystalline Ge. Guided by
these findings, it can be assumed that the highly conductive
nanonet strongly influences the transport properties. There
exist two possible explanations for the observed hysteretic
Hall resistance depending on the spin diffusion length. First,
the free charge carriers in Ge:Mn are spin-polarized in the
threads of the nanonet. In that case, only a relatively small
spin diffusion length would be necessary. Second, the free
charge carriers are subjected to preferential spin scattering in
the vertices of the nanonet. In this case, the spin diffusion
length has to be at least on the scale of the distance between
two neighbouring vertices.
To summarize our observations, the structure and mag-
netotransport properties of Mn-implanted and pulsed laser
annealed Ge:Mn have been investigated after different etch-
ing steps. During the PLA process, an embedded amorphous
nanonet can be formed. After etching away the top 10 nm
and the Mn-rich nanonet, the three main layers can be char-
acterized as follows: A top layer including polycrystalline
Ge2Mn5, a second, approx. 35 nm thick layer consisting of a
Mn-rich nanonet embedded in crystalline Ge:Mn, and below
that single crystalline Ge:Mn with a low Mn concentration.
Intense research in the field of a controllable decomposition
of Ge:Mn into Mn-rich areas with a large Curie temperature
and the coupling to hysteretic anomalous Hall effects are of
high interest.19 Here, we present a new class of synthesized
Ge:Mn that shows hysteretic magnetotransport and corre-
lated magnetization. In the future, the formation of laterally
grown Mn-rich nanonets may be optimized with respect to
the Mn concentration and distribution and also by the pulsed
laser annealing or postannealing conditions, in order to
recrystallize the amorphous net and to increase the tempera-
ture up to which correlated magnetization and hysteretic
anomalous Hall effects may be observed. By combining Mn-
rich nanocolumnar growth from LT-MBE and lateral Mn-
rich nanonet growth from pulsed laser annealing, three
dimensional Mn-rich nanonetworks may be formed in
Ge:Mn for spintronics applications.
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Control of vortex pair states by post-deposition interlayer exchange coupling modification
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We report on both the global and micromagnetic properties of interlayer exchange coupled spin systems.
Irradiation with Ne ions is employed to achieve a phase transition from antiferromagnetic to ferromagnetic
coupling. For extended trilayer films a full quantitative analysis of the bilinear and biquadratic coupling constants
is performed. With increasing ion fluence we observe a steady increase of the bilinear coupling constant
at an almost negligible decrease in saturation magnetization. The mixing of atoms at the layer interfaces is
identified as the origin for this. The effects of ion modification on the magnetic microstructure are studied for the
model system of layered vortex pairs. X-ray microscopy is used to directly image the individual magnetization
circulations in trilayer disks. The circulation configuration is found to be determined by the film coupling for
both coupling orientations with a homogenous coupling angle throughout the structure. For the vortex cores,
however, micromagnetic simulations indicate that due to the significant local demagnetization fields, parallel
states are always energetically preferred. Nevertheless antiparallel configurations are metastable, having their
signature in reduced core diameters. Our study provides new results on spin structures in interlayer exchange
coupled trilayers and it demonstrates a promising way to control the local interlayer coupling post-deposition.
DOI: 10.1103/PhysRevB.85.134417 PACS number(s): 75.70.Kw, 81.40.Rs, 75.75.−c, 68.37.Yz
I. INTRODUCTION
Magnetic multilayers have been the key to fundamental ef-
fects such as giant magneto resistance1,2 or interlayer exchange
coupling (IEC)3,4 that are nowadays of far-reaching technolog-
ical importance. IEC describes the magnetic coupling of two
ferromagnetic layers via a thin nonmagnetic interlayer. This
interaction arises from an induced spin polarization of the
interlayer’s electrons.5 Depending on the interlayer material
and thickness, IEC typically causes an energetic preference
for either a parallel or an antiparallel orientation of the two
ferromagnetic layers, which is referred to as ferromagnetic
(fm) or antiferromagnetic (afm) coupling, respectively.6 This
is described empirically by a positive or negative bilinear
coupling constant JL in the expression for the IEC areal energy
density
σIEC = −JL M1 · M2M1M2 − JQ
(M1 · M2)2
(M1M2)2
, (1)
where Mi is the magnetization vector of the ith ferromagnetic
layer.7 The additional biquadratic coupling constant (JQ) may
induce an energetic preference for a 90◦ coupling orientation7,8
that is mainly attributed to thickness fluctuations.9 For JL, a
damped sinusoidal dependence on the interlayer thickness (t)
was discovered,10 which yields a way to set the IEC at the
time of the layer deposition. Based on the modification of
magnetic properties by ion irradiation,11,12 Demokritov et al.13
pioneered a promising post-deposition way to change the IEC
in Fe/Cr/Fe continuous films from afm to fm by applying
low fluences of He ions. A similar approach has been made
for trilayers containing a Ru interlayer14 and also a local
modification of IEC has been reported.15–18
While most investigations have addressed IEC in con-
tinuous films, so far there is little known about its effect
on the magnetic microstructure, i.e., the local magnetization
distribution in the different layers.19–21 Only recently it was
shown that IEC can be used to control the relative circula-
tion configuration of interlayer coupled vortex pairs.22,23 As
sketched in Fig. 1 such a micromagnetic vortex consists of
a planar, flux-closing magnetization curl, that turns out of
the plane in the small central core region.19,24–28 Both, the
curl’s rotation sense (circulation c) and the core orientation
(polarity p) can be in either of two states (+1,−1). Thus, for a
pair of two layered vortices, the relative circulation orientation
C =∏i ci generally can be either ferromagnetic (FM) or
antiferromagnetic (AF) while the core alignment P =∏i pi
can be either parallel (PL) or antiparallel (AP).22,29–31
A remaining question is whether for nonuniform spin
distributions in polycrystalline films the IEC is homogenous on
a sub-microscopic scale, and whether this would necessarily
result in a constant coupling angle. In particular, the effects of
the ion-based IEC modification on the magnetic microstructure
are unknown. Therefore, in this work we will report our
findings on the consequences of ion irradiation for both the
global and the local properties of IEC. We will provide a
quantitative analysis of the ion-induced modification of the
global IEC constants Jl and Jq along with an explanation
of the relevant underlying processes. The local magnetic
microstructure of nonirradiated and irradiated IEC stacks is
investigated for the nonuniform model system of layered
vortex pairs. Special emphasis is placed on the different
coupling schemes for C and P .
II. EXPERIMENTAL DETAILS
A. Sample fabrication
For investigating the effect of ion irradiation on the IEC
we have prepared two different functional magnetic trilayer
134417-11098-0121/2012/85(13)/134417(8) ©2012 American Physical Society
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Abstract
One of the solutions enabling performance progress, which can overcome the downsizing limit
in silicon technology, is the integration of different functional optoelectronic devices within a
single chip. Silicon with its indirect band gap has poor optical properties, which is its main
drawback. Therefore, a different material has to be used for the on-chip optical
interconnections, e.g. a direct band gap III–V compound semiconductor material. In the paper
we present the synthesis of single crystalline InP nanodots (NDs) on silicon using combined
ion implantation and millisecond flash lamp annealing techniques. The optical and
microstructural investigations reveal the growth of high-quality (100)-oriented InP
nanocrystals. The current–voltage measurements confirm the formation of an n–p
heterojunction between the InP NDs and silicon. The main advantage of our method is its
integration with large-scale silicon technology, which allows applying it for Si-based
optoelectronic devices.
(Some figures may appear in colour only in the online journal)
1. Introduction
Nowadays, CMOS at the 45 nm node being in production
for a couple of years has been replaced by 32 nm, and
soon CMOS at the 22 nm node will be in production.
The further downsizing of CMOS devices below 16 nm
depends on overcoming of the practical limits caused by
the integration issues, such as chip performance, cost of
development and production, power dissipation, reliability,
etc. The integration of III–V compound semiconductors
with silicon is unavoidable for a further performance
enhancement of optoelectronic devices. Light emitting
compound semiconductor quantum structures giving the
possibility to tune the luminescence emission from the
ultraviolet (UV) up to the infrared (IR) are much more
attractive than those made of silicon [1]. The III–V compound
3 Present address: Institute of Radiation Physics, Helmholtz-Zentrum
Dresden-Rossendorf, PO Box 510119, D-01314 Dresden, Germany.
semiconductors have a huge potential as non-silicon transistor
channel materials for future high-speed and low-power logic
CMOS applications [2–5]. The open question is which
technology integrating III–V compound semiconductors with
silicon will be used.
Conventionally, the integration of III–V semiconductors
with silicon is based on heteroepitaxial growth of multi-
layered structures on silicon or direct wafer bonding tech-
nology [6]. Different compound semiconductors (quantum
dots, nanowires, thin films) heterogeneously integrated onto
a silicon substrate have been intensively studied [7, 8].
Devices made of such structures combine the high carrier
mobility and high luminescence efficiency of III–V semi-
conductors with the well-developed silicon technology [9].
Recently, by using a low-temperature direct wafer bonding
process, high-performance lasers, amplifiers, photodetectors
and modulators have been demonstrated on a hybrid silicon
platform [10]. Another approach towards the integration
10957-4484/12/485204+08$33.00 c  2012 IOP Publishing Ltd Printed in the UK & the USA
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Abstract
A new method for the fabrication of spherical gallium nanoparticles (Ga-NPs) on
diamond-like carbon (DLC) layers with high precision in their desired diameter and
positioning is presented. The basic principle is the pre-patterning of a DLC film by focused
Ga+ ion beam irradiation and subsequent annealing. During thermal treatment the evolution of
single Ga-NPs with spherical shape on irradiated areas is driven by phase separation and
surface segregation of Ga from the supersaturated DLC layer. The shape and size of the
implanted areas as well as the ion fluence serve as a Ga reservoir for the nanoparticle (NP)
evolution which is strongly correlated with the NP diameter. For the formation of segregation
seeds to avoid random segregation of the NPs small spots are additionally implanted with Ga
within the irradiated areas. The NP evolution is then assessed with respect to the seed position
and the material for the Ga-NP growth is gathered from the surrounding reservoir. Using this
technique Ga-NPs were fabricated with a diameter ranging from 40 nm up to several hundred
nm. Prospective applications, i.e. in the field of plasmonics, arise from the arrangement in
chains as well as in periodical two-dimensional arrays with defined NP size and interparticle
distance.
(Some figures may appear in colour only in the online journal)
1. Introduction
Metal nanoparticles (NPs) provide the unique ability to induce
coherent electron oscillations known as surface plasmon
polaritons (SPPs) while interacting with light [1, 2]. Since
several fabrication techniques for NPs with a defined size
have been developed in recent years they have attracted great
interest. The SPP frequency is dependent on particle size
and shape, studied in detail for various dimensions of silver
and gold NPs [3–5]. Although the phenomenon of plasmonic
excitation is well understood, the controlled fabrication of
metal NPs for utilization of their ability of light confinement
and guidance at the nanoscale is a major challenge. Common
fabrication techniques on substrate areas of up to several
square centimeters, like molecular beam epitaxy, vacuum
evaporation and laser ablation, suffer from a broad NP
size distribution. In contrast, the chemical deposition of
colloidal particles shows a very sharp distribution of the
NP size but provides poor area regularity as well [6–8].
Future functional plasmonic devices will rely on defined
SPP frequencies and low light guiding losses that enforce
very small size and distance variations within the involved
NPs. In general, two methods for the fabrication of metal
nanostructures with defined dimensions are applied today. The
first method is common electron beam lithography (EBL) as
a top-down approach. This technique provides the ability to
fabricate isolated metal nanostructures of various sizes and
shapes in a defined pattern on the substrate [9–12]. To get
an appropriate process control of resist deposition, e-beam
processing, resist development and subsequent etching are the
major challenges of this technique. Another group of methods
can be categorized as self-organizing bottom-up approaches,
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Abstract – We demonstrate that the temperature-dependent focused ion beam irradiation of
(100) Ge surfaces with 20 keV Bi+ ions leads to variably ordered hexagonal dot patterns. We show
that the average information gain about the spatial order can be significantly increased by image
preprocessing transforming the power spectral density into the pair correlation function. Order
parameters are derived from the pair correlation function for the comparison of highly ordered
patterns.
Copyright c© EPLA, 2012
Introduction. – Recently, the self-organized forma-
tion of highly ordered hexagonal dot and hole surface
patterns induced by ion beam irradiation has attracted
attention as interesting nanostructured templates [1–5].
The origin of this high spatial order and the influence of
the ion beam parameters on the order are as yet unknown.
These patterns show medium range order, i.e. the hexago-
nal order extends over several nearest-neighbor distances,
sometimes up to more than 20. The direct evaluation
of scanning electron microscopy (SEM) or atomic force
microscopy (AFM) images of hexagonally ordered patterns
by specific mathematical methods is most commonly used,
e.g., by the autocorrelation function (ACF) or the power
spectral density (PSD).
For analyzing the order of ion induced patterns the 1D,
averaged in the x-, y-, or radial direction, as well as the
2D ACF and especially the PSD are mainly used [1,6–8].
The ACF exhibits a pattern reflecting the lateral order of
a hexagonal pattern. The radially averaged ACF features
several maxima with decreasing height. The order of the
pattern can be estimated qualitatively by the number of
these maxima. However, a quantitative measure is difficult
to define. On the other hand, in the 2D and 1D PSD few
rings and peaks, respectively, appear at the position of the
wave vector k= 2pi/λ corresponding to the periodicity at
higher orders. The FWHM of the PSD, δk, can be used to
quantify the order of an isotropic pattern [9]. The lateral
(a)E-mail: r.boettger@hzdr.de
correlation length, ξ = 1/δk, is then a measure for the
mean hexagonal domain size. However, the FWHM of the
1st order maximum contains the combined information
about lateral order and shape of the structures. The
contribution from shape and lateral order can be separated
only by assuming adequate models [9]. In the case of SEM
and AFM images, however, the shape is not necessarily
the form of the feature structure, but rather the intensity
distribution of the secondary electrons or convoluted by
the shape of the AFM tip, respectively.
In this paper we report the formation of dot patterns on
Ge by 20 keVBi+ focused ion beam (FIB) irradiation with
variable order as a function of the substrate temperature.
The order of these surface patterns is evaluated by the pair
correlation (PCF) function, which results in an increase in
information about the spatial order.
Experimental. – A semi-commercial FIB system
equipped with a mass separating CANION 31 MPlus
column from Orsay Physics [10] was used to irradiate
(100) Ge surfaces with 20 keVBi+ ions. For these experi-
ments a GaBi liquid metal alloy ion source was employed.
A detailed description of the ion source is given else-
where [11]. Squares of 5× 5µm2 were written in a frame
of 256 pixel ×256 pixel by a mean spot size of 65 nm.
The pixel dwell time was fixed to be 20µs. A fluence of
F = 1× 1017 ions per cm2, which is sufficient for satura-
tion of the pattern formation [3], was set by repeatedly
scanning the square areas. The change of the substrate
16009-p1
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ABSTRACT: Chemical environment plays a signiﬁcant role on the size,
shape, or surface composition of nanostructures. Here, the chemical
environment eﬀects are studied in the context of core−shell nanoparticle
synthesis. The environment driven dynamics and kinetics of Rh/Pd
bilayers is investigated by in situ ambient pressure X-ray photoelectron
spectroscopy. Thin Rh (∼1.5 nm)/Pd (∼ 1.5 nm) bilayers were grown on
thermally oxidized Si substrates. The ﬁlms were heated in CO or NO
environments or heated in vacuum with a subsequent NO/CO cycling.
This study demonstrates that not the initial stacking sequence but the
chemical environment plays a crucial role in controlling the surface
composition. Heating in CO results in a surface enrichment of Pd at ∼200
°C and is followed by ﬁlm dewetting at ∼300 °C. Heating in NO results in progressive oxidation of Rh starting at ∼150 °C,
which stabilizes the ﬁlm continuity up to >∼375 °C. The ﬁlm rupture correlates with the thermal destabilization of the surface
oxide. Heating in vacuum results in a signiﬁcant increase in surface Pd concentration, and the following NO/CO cycling induces
periodic surface composition changes. The quasi-equilibrium states are ∼50% and ∼20% of Rh/(Rh + Pd) for NO and CO
environments, respectively. Possible surface composition change and dewetting mechanisms are discussed on the basis of the
interplay of thermodynamic (surface/oxide energy and surface wetting) and kinetic (surface oxidation and thermally induced and
chemically enhanced diﬀusion) factors. The results open alternative ways to synthesize supported (core−shell) nanostructures
with controlled morphology and surface composition.
■ INTRODUCTION
Understanding and controlling of the dynamic behavior of
supported metal nanoparticles (NPs) in response to the
chemical environment are expected to open new avenues in
diverse areas of nanoscience and nanotechnology such as
structuring and activation of surfaces, plasmonics, or sensing.1,2
It has been established already since the 1970s3 that metal
surfaces dynamically restructure under adsorption of diﬀerent
atomic or molecular species. Such changes are deterministic
and thermodynamically driven.4 Restructuring eﬀects become
more dramatic if the size of the metallic units gets of the order
of ∼1−10 nm, i.e., when the fraction of the surface atoms to
that of the bulk becomes large. In this case, the response to
changes in the chemical environment involves the modiﬁcation
of the whole NP morphology.1 It was realized already in the
1960s that sintered NPs with sizes larger than ∼20 nm can be
redispersed to crystallites smaller than ∼5 nm if exposed to an
oxidizing atmosphere upon heating during the reactivation
process.5 The recent development of in situ and real time
analytic tools has allowed the conﬁrmation of those previous
conclusions based on ex situ analysis ﬁndings. It furthermore
laid ground for a new concept of a NP as a ﬂuid-like entity.1
This unit does not remain static in diﬀerent chemical
environments but can rapidly adapt its shape and size in a
deterministic and reversible manner.1,6−14
While for single component NPs, this liquid-like behavior
involves the redistribution of the atoms within a NP to change
its shape or between the NPs to change their size distribution,
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Abstract. We directly observe longitudinal electromagnetic fields in focused
freely propagating terahertz (THz) beams of radial and linear polarization.
Employing electro-optic detection, which is phase sensitive, allows one to
selectively detect longitudinal and transverse field components. A phase shift
of ⇡/2 between the transverse and longitudinal field components is revealed.
This phase shift is of universal nature, as it does not depend on the mode,
frequency and focusing conditions. We show that the universal phase relation
is a direct consequence of the divergence-free nature of electromagnetic waves
in vacuum. In the experiments, we observe the phase shift of ⇡/2 for all
frequency components of single-cycle THz radiation pulses of both radial and
linear polarization. Additionally, we show that the longitudinal field of a radially
polarized THz beam has a smaller spot size as compared with the transverse
field of a linearly polarized beam that is focused under the same conditions. For
field-sensitive measurements this property can be exploited even for moderate
focusing conditions. Furthermore, the phase-sensitive detection of longitudinal
electromagnetic fields opens up new possibilities to study their interaction with
electronic excitations in semiconductor nanostructures.
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Ferritic/martensitic high-chromium steels are leading candidates for fission and fusion reactor compo-
nents. Oxide dispersion strengthening is an effective way to improve properties related to thermal and
irradiation-induced creep and to extend their elevated temperature applications. An extensive experi-
mental study focusing on the microstructural characterization of oxide-dispersion strengthened Fe–
9wt%Cr model alloys is reported. Several material variants were produced by means of high-energy mill-
ing of elemental powders of Fe, Cr and commercial yttria powders. Consolidation was based on spark
plasma sintering. Special emphasis is placed on the characterization of the nano-particles using transmis-
sion electron microscopy, small-angle neutron scattering and atom probe tomography. The microstruc-
ture of the investigated alloys and the role of the process parameters are discussed. Implications for
the reliability of the applied characterization techniques are also highlighted.
! 2011 Elsevier B.V. All rights reserved.
1. Introduction
Ferritic/martensitic high-chromium steels are candidate mate-
rials for future applications in both generation-IV fission and fusion
reactor components [1,2]. Oxide dispersion strengthening of this
class of materials is a promising route to extend the range of oper-
ation conditions towards higher maximum temperatures [3–5]
with a maximum temperature of 650 "C mentioned in [4]. The
present investigation is focussed on the microstructural character-
ization of oxide dispersion strengthened (ODS) Fe–9wt%Cr model
alloys. This composition has been chosen in order to obtain a
two-phase microstructure ideally consisting of a bcc a Fe–Cr ma-
trix and nano-dispersed Y2O3 particles and to mimic selected
aspects of ODS steels as explained below. In fact, on the one hand,
the addition of Ti is reported to be favorable to achieve small nano-
oxide particles and good mechanical properties [6]. On the other
hand, Ti gives rise to a complex mixture of oxide populations
including Y2O3 [3], Y2Ti2O7 [7], YaTibOc of varying and size-depen-
dent composition [5] and TiO2 [3]. In a sense, our intention was to
go one step back to fabricate an ODS model alloy of less complexity
by selecting the above-mentioned composition. The short-term
goal addressed in this paper is a consistent understanding of the
microstructures revealed by the application of several character-
ization techniques. The long-term goal of the project is to contrib-
ute to the understanding of special irradiation effects in ODS
materials.
Effectiveness of strengthening requires the size of oxide parti-
cles to be in the range from 1 to 10 nm [6,8]. Quantities of interest
are type, concentration, size distribution, and composition of nano-
particles. These requirements restrict the set of available charac-
terization techniques to very few including small-angle neutron
scattering (SANS) [9–14], transmission electron microscopy
(TEM) [3,14–19] and atom probe tomography (APT) [15,16,20–
24]. Combinations of techniques were applied in part of the cited
work, e.g. TEM and SANS [14], TEM and APT [16], SANS and APT
[25]. The information based on the output of various techniques
is partly overlapping and partly complementary. Overlaps can be
exploited in order to cross-check the results obtained using the
combination of techniques. This kind of comparison does not only
provide important microstructural characteristics of the investi-
gated alloys but also highlight the reliability of the applied
methods.
In this paper, three variants of ODS Fe–9wt%Cr model alloys
consolidated by means of spark plasma sintering (SPS) are charac-
terized using SANS and TEM for samples treated with and without
an additional hot isostatic pressing (HIP). Preliminary investiga-
tions using APT are also performed on one of the studied alloys.
0022-3115/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnucmat.2011.08.053
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125. Wang, X.; Liu, S.; Ma, N.; Feng, L.; Chen, G.; Xu, F.; Tang, N.; Huang, S.; Chen, K. J.; Zhou, S.; 
Shen, B.  
High-electron-mobility InN layers grown by boundary-temperature-controlled epitaxy  
Applied Physics Express 5, 015502 (2012) 
126. Weatherup, R. S.; Bayer, B. C.; Blume, R.; Baehtz, C.; Kidambi, P. R.; Fouquet, M.; Wirth, C. T.; 
Schlögl, R.; Hofmann, S.  
On the mechanisms of Ni-catalysed graphene chemical vapour deposition  
ChemPhysChem 13, 2544 (2012) 
127. Winnerl, S.  
Scalable microstructured photoconductive terahertz emitters  
Journal of Infrared, Millimeter and Terahertz Waves 33, 431 (2012) 
128. Winnerl, S.; Hubrich, R.; Mittendorff, M.; Schneider, H.; Helm, M.  
Universal phase relation between longitudinal and transverse fields observed in focused 
terahertz beams  
New Journal of Physics 14, 103049 (2012) 
129. Wintz, S.; Bunce, C.; Banholzer, A.; Körner, M.; Strache, T.; Mattheis, R.; McCord, J.; Raabe, J.; 
Quitmann, C.; Erbe, A.; Fassbender, J.  
Interlayer coupled spin vortex pairs and their response to external magnetic fields  
Physical Review B 85, 224420 (2012) 
130. Wintz, S.; Strache, T.; Körner, M.; Bunce, C.; Banholzer, A.; Mönch, I.; Mattheis, R.; Raabe, J.; 
Quitmann, C.; McCord, J.; Erbe, A.; Lenz, K.; Fassbender, J.  
Control of vortex pair states by post-deposition interlayer exchange coupling 
modification  
Physical Review B 85, 134417 (2012) 
131. Winzer, T.; Knorr, A.; Mittendorff, M.; Winnerl, S.; Sun, D.; Norris, T. B.; Helm, M.; Malic, E.  
Absorption saturation in optically pumped graphene  
Applied Physics Letters 101, 221115 (2012) 
132. Wirth, C. T.; Bayer, B. C.; Gamalski, A. D.; Esconjauregui, S.; Weatherup, R. S.; Ducati, C.; 
Baehtz, C.; Robertson, J.; Hofmann, S.  
The phase of iron catalyst nanoparticles during carbon nanotube growth  
Chemistry of Materials 24, 4633 (2012) 
133. Wojcik, H.; Junige, M.; Bartha, W.; Albert, M.; Neumann, V.; Merkel, U.; Peeva, A.; Gluch, J.; 
Menzel, S.; Munnik, F.; Liske, R.; Utess, D.; Richter, I.; Klein, C.; Engelmann, H. J.; Ho, P.; 
Hossbach, C.; Wenzel, C.  
Physical characterization of PECVD and PEALD Ru(-C) films and comparison with PVD 
ruthenium film properties  
Journal of the Electrochemical Society 159, H166 (2012) 
134. Wojcik, H.; Kaltofen, R.; Merkel, U.; Krien, C.; Strehle, S.; Gluch, J.; Knaut, M.; Wenzel, C.; 
Preusse, A.; Bartha, J.; Geidel, M.; Adolphi, B.; Neumann, V.; Liske, R.; Munnik, F.  
Electrical evaluation of Ru-W(-N), Ru-Ta(-N) and Ru-Mn films as Cu diffusion barriers  
Microelectronic Engineering 92, 71 (2012) 
135. Xie, Y.; Yang, Z.; Li, L.; Yin, L.; Hu, X.; Huang, Y.; Jian, H.; Song, W.; Sun, Y.; Zhou, S.; Zhang, 
Y.  
Annealing induced colossal magnetocapacitance and colossal magnetoresistance in In-
doped CdCr2S4  
Journal of Applied Physics 112, 123912 (2012) 
136. Xu, Q.; Wen, Z.; Shuai, Y.; Wu, D.; Zhou, S.; Schmidt, H.  
Forming-free unipolar resistive switching in BiFe0.95Co0.05O3 films  
Journal of Superconductivity and Novel Magnetism 25, 1679 (2012) 
137. Yankov, R. A.; Kolitsch, A.; von Borany, J.; Mücklich, A.; Munnik, F.; Donchev, A.; Schütze, M.  
Surface protection of titanium and titanium-aluminum alloys against environmental 
degradation at elevated temperatures  
Surface & Coatings Technology 206, 3595 (2012) 
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138. Yilgin, R.; Yurtisigi, M.; Parabas, A.; Turksoy, M.; Ozdemir, M.; Aktas, B.; Kolitsch, A.  
Ferromagnetic behavior of Fe+ implanted Si(100) semiconductor  
Journal of Superconductivity and Novel Magnetism 25, 2731 (2012) 
139. Zhou, S.; Chen, L.; Shalimov, A.; Zhao, J.; Helm, M.  
Depth profile of the tetragonal distortion in thick GaMnAs layers grown on GaAs by 
Rutherford backscattering/channeling  
AIP Advances 2, 042102 (2012) 
140. Zhou, S.; Wang, Y.; Jiang, Z.; Weschke, E.; Helm, M.  
Ferromagnetic InMnAs on InAs prepared by ion implantation and pulsed laser annealing  
Applied Physics Express 5, 093007 (2012) 
141. Zhou, S.; Zhang, W.; Shalimov, A.; Wang, Y.; Huang, Z.; Bürger, D.; Mücklich, A.; Zhang, W.; 
Schmidt, H.; Helm, M.  
Magnetic Mn5Ge3 nanocrystals embedded in crystalline Ge: a magnet/semiconductor 
hybrid synthesized by ion implantation  
Nanoscale Research Letters 7, 528 (2012) 
142. Zier, M.; Reinholz, U.; Riesemeier, H.; Radtke, M.; Munnik, F.  
Accurate stopping power determination of 15N ions for hydrogen depth profiling by a 
unique combination of ion beams and synchrotron radiation  
Nuclear Instruments and Methods in Physics Research B 273, 18 (2012) 
143. Zimmermann, B.; Fietzke, F.; Klostermann, H.; Lehmann, J.; Munnik, F.; Möller, W.  
High rate deposition of amorphous hydrogenated carbon films by hollow cathode arc 
PECVD  
Surface & Coatings Technology 212, 67 (2012) 
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Concluded scientific degrees 
PhD theses  
1. Al-Asqalani Al Motasem, A.T. 
Nanoclusters in diluted Fe-based alloys containing vacancies, copper and nickel: 
Structure, energetics and thermodynamics 
TU Dresden, 15.06.2012  
2. Baumgart, C. 
Quantitative dopant profiling in semiconductors: A new approach to Kelvin probe force 
microscopy 
TU Dresden, 19.07.2012 
3. Bürger, D. 
Charakterisierung von ferromagnetischen Ge:Mn-Nanonetzen nach Synthese mittels Mn-
Ionenimplantation und gepulster Laserausheilung 
TU Dresden, 08.11.2012 
4. Höwler, M. 
Präparation und Charakterisierung von TMR-Nanosäulen 
TU Dresden, 24.07.2012 
5. Numazawa, S. 
Modeling of metal nanocluster growth on patterned substrates and surface pattern 
formation under ion bombardment 
TU Dresden, 22.05.2012 
6. Thorn, A. 
Ladungsbrüten mit Raumtemperatur-Elektronenstrahlionenquellen 
TU Dresden, 02.03.2012 
7. Zschintzsch, M. 
Self organized formation of Ge nanocrystals in multilayers 
TU Dresden, 27.04.2012 
Diploma theses  
1. Kelling, J. 
Kinetic Monte Carlo simulations on self-organization of nanostructures accelerated by 
massive parallelization 
TU Dresden, 18.04.2012 
2. Langer, M. 
Herstellung und Charakterisierung magnetischer Metastrukturen 
TU Dresden, 14.02.2012 
3. Sasse, H. 
Untersuchungen zu Beladungstechniken von Elektronenstrahl-Ionenquellen (EBIS) mit 
Metallionen 
TU Dresden, 18.06.2012 
4. Trache, M. 
Analyse eines Messplatzes für frequenzaufgelöste magnetooptische Kerr-
Effektmessungen (FR-MOKE) sowie dessen Ansteuerung auf der Basis von LabVIEW 
W.-Büchner-Hochschule Darmstadt, 17.12.2012 
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MSc theses  
1. Wutzler, R.  
Influence of implantation and annealing conditions on the optoelectronic properties of Nd 
and Er doped MOS layers 
TU BA Freiberg, 20.12.2012 
BSc theses  
1. Böttger, C.  
Terahertz-Nahfeldmikroskopie an optisch angeregten Proben 
FH Darmstadt, 21.06.2012 
2. Opherden, L.  
Metallisierung von DNA-Origami-Strukturen 
TU Dresden, 07.06.2012 
3. Schreiber, B.  
Plasmonische Nanopartikel auf DNA-Origami-Strukturen 
TU Dresden, 08.06.2012 
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Appointments and honors 
Awards and honors  
1. Facsko, Stefan 
Leader of the research group „Ion Induced Nanostructures“ of the Ion Beam Center was 
appointed "HZDR Research Fellow“ 
2. Fiedler, Jan 
PhD candidate in the „Semiconductor Materials“ division received the DFCNA Sonderpreis 2011 
des Dresdner Fraunhofer-Cluster Nanoanalytik Dresdner Barkhausen-Poster-Preis 2011, 10 
February 2012, Dresden, Germany 
3. Fiedler, Jan 
PhD candidate in the „Semiconductor Materials“ division received the 1st Award for the best oral 
presentation of "Young Scientist Contest" at the IX-th International Conference on Ion 
Implantation and Other Applications of Ions and Electrons, ION 2012, 25-28 June 2012, 
Kazimierz Dolny, Poland 
4. Fiedler, Jan 
PhD candidate in the „Semiconductor Materials“ division received the Best Poster Award for the 
excellent poster presentation at the 18th International Conference on Ion Beam Modification of 
Materials, IBMM 2012, 02-07 September 2012, Qingdao, China 
5. Martin, Norbert 
Alumni PhD candidate in the division “Magnetism” received the HZDR Award for Doctoral 
Candidates 2011 for his dissertation „Herstellung und Charakterisierung von magnetisch 
heterogenen Schichten und Elementen“ (TU Dresden, 07.06.2011), 13 March 2012 
6. Schönitz, Isabel 
PhD candidate in the research group “Materials Characterization” of the division “Structural 
Materials” received a Poster Prize at the MUNECO (Materials UNder Extreme COnditions) 
Summerschool, 11-15 June 2012, Madrid, Spain 
7. Winnerl, Stephan 
Senior scientist at the division "Spectroscopy" received the HZDR Research Award 2012 for his 
outstanding contributions to terahertz science 
8. Zhou, Shengqiang 
Leader of the Helmholtz Young Investigators group “Functional Materials” of the division 
“Semiconductor Materials” received the IBMM Young Scientist Award 2012 at the 18th 
International Conference on Ion Beam Modifications of Materials, 02-07 September 2012, 
Qingdao, China, for his use of ion beams to induce magnetism in semiconductors and oxides. 
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Participation in conferences and lectures / talks  
Invited conference talks  
1. Bergner, F.  
Small angle neutron scattering  
Symposium on irradiation effects in structural materials for nuclear reactors, 17.-21.09.2012, 
Sevilla, Spain 
2. Bernert, K.; Sluka, V.; Fowley, C.; Fassbender, J.; Deac, A. M.  
Switching voltages and back-hopping in magnetic tunnel junctions with different 
geometries  
NordicSpin’12 - Third Nordic Workshop on Spintronics and Nanomagnetism, 22.-25.04.2012, 
Varberg, Sweden 
3. Bernert, K.; Sluka, V.; Fowley, C.; Fassbender, J.; Deac, A. M.  
Switching voltages and back-hopping in magnetic tunnel junctions with different 
geometries  
Spin Caloritronics 4, 02.-06.06.2012, Sendai, Japan 
4. Bernert, K.; Sluka, V.; Fowley, C.; Fassbender, J.; Deac, A. M.  
Switching voltages and back-hopping in magnetic tunnel junctions with different 
geometries  
Magnetism and Magnetic Nanomaterials, MMN’ 2012, 04.-06.09.2012, Boumedes, Algeria 
5. Bernert, K.; Sluka, V.; Fowley, C.; Fassbender, J.; Deac, A. M. 
Generalized switching voltages in magnetic tunnel junctions  
Joint Dresden-Japan Workshop on Molecular Scale and Organic Electronic Materials, 11.-
13.12.2012, Dresden, Germany  
6. Bischoff, L.  
Focused ion beams - Status and new trends  
ITG WORKSHOP: Vacuum Electronics 2012, 20.-21.08.2012, Bad Honnef, Germany 
7. Bischoff, L.  
Modern trends in FIB development  
7. FIB-Workshop Focused Ion Beams in Research, Science and Technology, 25.-27.06.2012, 
Dresden, Germany 
8. Brenner, F.; Haas, S.; Schneider, F.; Klemm, V.; Schreiber, G.; von Borany, J.; Heitmann, J. 
Semiconductor nanocrystals embedded in high-k matarials 
221st Meeting of Electrochemical Society, Symposium Advanced Nanomaterials and Processing, 
06.-10.05.2012, Seattle, USA 
9. Donchev, A.; Schütze, M.; Kolitsch, A.; Yankov, R. A.  
Enhancing the high temperature capability of Ti-alloys  
Dresdner Werkstoffsymposium 2012, 06.-07.12.2012, Dresden, Germany 
10. Erbe, A.; Wiesenhütter, U.; Pohl, D.; Rellinghaus, B.; Fassbender, J.  
Coulomb blockade effects in FePt nanoparticles  
DPG Spring Meeting of the Condensed Matter Section, 25.-30.03.2012, Berlin, Germany 
11. Facsko, S.; Fritzsche, M.; Ou, X.; Böttger, R.; Bischoff, L. 
Ion irradiation of Ge: from sponge-like structure to periodic pattern formation 
18th International Conference on Ion Beam Modification of Materials (IBMM-18), 02.-07.09.2012, 
Qingdao, China 
12. Gemming, S.; Weissbach, T.; Zschornak, M.; Stöcker, H.; Meyer, D. C.; Leisegang, T.; 
Ronneberger, I.; Potzger, K.  
Multifunctional oxides – Modifying the ferroic properties by defects due to irradiation, 
doping and annealing  
MRS Spring Meeting, 09.-13.04.2012, San Francisco, USA 
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13. Gensch, M.  
Coherent THz pulses from linear SRF accelerators: Perspectives for naturally 
synchronized THz pump probe experiments and novel electron beam diagnostic  
Workshop on Terahertz Sources for Time Resolved Studies of Matter, 30.-31.07.2012, Chicago, 
USA 
14. Gensch, M.  
Super-radiant coherent THz sources: Challenges and opportunities  
Frontiers of THz Science, 05.-06.09.2012, Stanford, USA 
15. Greene, P. K.; Gilbert, D. A.; Kirby, B. J.; Borchers, J.; Lau, J. W.; Shull, R.; Chih-Huang, L.; 
Osten, J.; Fassbender, J.; Davies, J.; Fitzsimmons, M.; Zimanyi, G.; Liu, K.  
Probing graded perpendicular anisotropy with polarized neutron reflectometry  
ACNS American Conference on Neutron Scattering, 24.-28.06.2012, Washington, DC, USA 
16. Greene, P. K.; Gilbert, D. A.; Kirby, B. J.; Borchers, J.; Lau, J. W.; Lai, C.-H.; Osten, J.; 
Fassbender, J.; Davies, J. E.; Fitzsimmons, M.; Liu, K.  
Magnetization reversal in nanostructures with graded perpendicular anisotropy  
NordicSpin'12 - Third Nordic Workshop on Spintronics and Nanomagnetism, 22.-25.04.2012, 
Varberg, Sweden 
17. Grenzer, J.  
Materialforschung „zu Hause‘‘ und am Synchrotron: Röntgenuntersuchungen an nano-
kristallinen dünnen Filmen  
Bruker XRD Anwendertreffen, 09.-10.10.2012, Lüneburg, Germany 
18. Heinig, K.-H. 
Kinetic Monte Carlo simulations at spatiotemporal scales of experiments 
International Workshop on "Beyond Molecular Dynamics: Long Time Atomic-Scale Simulations", 
26.03.2012, Dresden, Germany 
19. Heinig, K.-H.; Schmidt, B.; Mücklich, A.; Liedke, B.; Kelling, J.; Friedrich, D.; Hauschild, D.; 
Stegemann, K.-H.; Keles, U.; Bulutay, C.; Aydinli, A. 
Si nanowire networks embedded in SiO2 formed by spinodal decomposition of SiO – a 
novel absorber material for 3rd generation solar cells 
E-MRS Spring Meeting 2012, Symp. Y, 14.-18.05.2012, Strasbourg, France 
20. Heinig, K.-H.; Schmidt, B.; Mücklich, A.; Liedke, B.; Kelling, J.; Friedrich, D.; Hauschild, D.; 
Stegemann, K.-H.; Bulutay, C.; Keles, U.; Aydinli, A. 
Si nanowire networks for 3rd generation solar cells 
4th International Conference on Nanostructure Selfassembly (NANOSEA2012), 25.-29.06.2012, 
Margherita di Pula, Sardinia/Italy 
21. Heinig, K.-H.; Aydinli, A.; Turan, R.; Hauschild, D. 
The German-Turkish project RainbowEnergy: A Si-based nanocomposite absorber for 
thin film PV cells 
Solar Electricity Conference & Exhibition (SOLARTR-2), 07.-09.11.2012, Antalya, Turkey 
22. Heintze, C.; Bergner, F.; Hernández-Mayoral, M.  
Ion-irradiation induced damage in FeCr alloys characterized by nanoindentation  
CAARI 2012 - 22nd International Conference on the Application of Accelerators in Research and 
Industry, 05.-10.08.2012, Fort Worth, USA 
23. Helm, M.  
Intra-excitonic coherent nonlinear optics in quantum wells: the Autler-Townes effect and 
beyond  
31th International Conference on the Physics of Semiconductors (ICPS 2012), 29.07.-
03.08.2012, Zürich, Switzerland 
24. Helm, M.  
Terahertz nonlinear optics of excitons in quantum wells using a free-electron laser  
Viennese Symposium on Heterostructures, 07.09.2012, Wien, Austria 
25. Helm, M.; Winnerl, S.; Mittendorff, M.; Schneider, H.; Winzer, T.; Malic, E.; Knorr, A.; Orlita, M.; 
Potemski, M.; Sprinkle, M.; Berger, C.; de Heer, W. A.  
Carrier dynamics in graphene near the Dirac point  
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Joint Dresden-Japan Workshop on Molecular Scale and Organic Electronic Materials, 11.-
13.12.2012, Dresden, Germany 
26. Keller, A.  
Nanostrukturierung von Oxidoberflächen mit Ionenstrahlen: Einfluss auf Zelladhäsion 
und -proliferation  
12. Sitzung des Arbeitskreises Biokeramik, 16.11.2012, Aachen, Germany 
27. Kolitsch, A.; Yankov, R.  
Ionenstrahlbasierte Oberflächenmodifizierung von TiAl-Werkstoffen  
3. Dresdner Werkstoffsymposium 2012, 06.-07.12.2012, Dresden, Germany 
28. Lindner, J. 
Magnetism at the nanoscale: Importance of Surfaces and Interfaces 
14th Joint Vacuum Conference, 04.-04.06.2012, Dubrovnik, Croatia 
29. Lipp Bregolin, F.; Sias, U. S.; Behar, M.; Prucnal, S.; Rebohle, L.; Skorupa, W. 
Ion implantation techniques for silicon based photovoltaics and light emitters 
IXth International Conference Ion Implantation and other applications of Ions and Electrons - ION 
2012, 25.-28.06.2012, Kazimierz Dolny, Poland 
30. Meyer, D. C.; Stöcker, H.; Hanzig, J.; Hanzig, F.; Zschornak, M.; Abendroth, B.; Gemming, S.  
Electric Formation of Metal/SrTiO3 Junctions and its Correlation to Multi-Dimensional 
Defects  
DPG Spring Meeting of the Condensed Matter Section, 25.-30.03.2012, Berlin, Germany 
31. Mittendorff, M.; Winnerl, S.; Schneider, H.; Helm, M.; Orlita, M.; Potemski, M.; Winzer, T.; Malic, 
E.; Knorr, A.; Sprinkle, M.; Berger, C.; de Heer, W. A.  
Relaxation dynamics in Landau quantized graphene  
THz Dynamics in Carbon Based Nanostructures, 07.03.2012, Dresden, Germany 
32. Möller, W. 
Ion beams for application in science and industry: Activities in Germany and the 
European infrastructure project SPIRIT 
Ion Beams '12: Multidisciplinary Applications of Nuclear Physics with Ion Beams, 06.-08.06.2012, 
Legnaro, Italy 
33. Prucnal, S.; Facsko, S.; Mücklich, A.; Zhou, S. Q.; Ou, X.; Liedke, M. O.; Turek, M.; Zuk, J.; 
Skorupa, W.  
III-V compound semiconductors integrated with silicon for functional photronic devices  
E-MRS 2012 Spring Meeting, 14.-18.05.2012, Strasbourg, France 
34. Prucnal, S.; Zuk, J.; Pyszniak, K.; Drozdziel, A.; Facsko, S.; Mücklich, A.; Zhou, S. Q.; Ou, X.; 
Liedke, M. O.; Liedke, B.; Turek, M.; Skorupa, W.  
Flash lamp processing of III/V compound semiconductors on silicon and SOI wafers for 
functional photronic devices  
IXth International Conference Ion Implantation and other applications of Ions and Electrons - ION 
2012, 25.-28.06.2012, Kazimierz Dolny, Poland 
35. Redondo-Cubero, A.; Lorenz, K.; Alves, E.; Gago, R.; Hierro, A.; Vinnichenko, M.; Chauveau, J.-
M.; Nakamura, A.; Krause, M.; Temmyo, J.; Muñoz, E.; Brandt, M.; Henneberger, F.  
Ion beams as a tool for advanced structural characterization in ZnO-based materials  
SPIE Photonics West, Optoelectronic Materials and Devices, Oxide-based Materials and 
Devices III (Conference 8263), 22.-25.01.2012, San Francisco, USA 
36. Rugel, G.  
Acclerator Mass Spectrometry  
496. Wilhelm und Else Heraeus-Seminar - Astrophysics with modern small-scale accelerators, 
06.-10.02.2012, Bad Honnef, Germany 
37. Schneider, H.  
Exciton dynamics in GaAs quantum wells studied with a free-electron laser  
The 6th International Symposium on Ultrafast Phenomena and THz Waves (ISUPTW2012), 
POEM OSA Topical Meeting, 01.-02.11.2012, Wuhan, China 
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38. Skorupa, W.  
Subsecond thermal processing for advanced electronics and photovoltaics  
E-MRS 2012 Spring Meeting, Symposium A: Advanced Silicon Materials Research for Electronic 
and Photovoltaic Applications III, 14.-18.05.2012, Strasbourg, France 
39. Skorupa, W.  
Advanced approaches to electronic materials using subsecond thermal processing  
IXth International Conference Ion Implantation and other applications of Ions and Electrons - ION 
2012, 25.-28.06.2012, Kazimierz Dolny, Poland 
40. Skorupa, W.  
More Moore or more-than-Moore or nothing more? A nanoview on silicon & germanium...  
E-MRS 2012 Fall Meeting, 17.-21.09.2012, Warsaw, Poland 
41. Skorupa, W.  
s-Temperung von HL & Dielektrika more Moore & more than Moore & Nothing more...   
EFDS-Workshop "Struktur und Eigenschaften dielektrischer Schichten für die Optik", 07.11.2012, 
Jena, Germany 
42. Skrotzki, R.; Herrmannsdörfer, T.; Heera, V.; Fiedler, J.; Schönemann, R.; Philipp, P.; Bischoff, 
L.; Voelskow, M.; Mücklich, A.; Schmidt, B.; Skorupa, W.; Helm, M.; Wosnitza, J.  
On-chip superconductivity above 7 K in microstructured 10 nm thin Ga films embedded in 
Si wafers  
M2S 2012 - Materials and Mechanisms of Superconductivity, 29.07.-03.08.2012, Washington, 
USA 
43. Vinnichenko, M.; Hauschild, D.; Cornelius, S.; Krause, M.; Gago, R.; Mücklich, A.; 
Lissotschenko, V.; Kolitsch, A.  
Modification of ZnO:Al properties: post-deposition millisecond thermal processing vs 
direct growth at elevated substrate temperature  
10th International Symposium on Ceramic Materials and Components for Energy and 
Environmental Applications (10th CMCEE), 21.-23.05.2012, Dresden, Germany 
44. Werniewicz, K.  
In the search for a dream job - discovering your own potential.  
The BioTiNet Summer School "Titanium in Medicine", 04.-08.06.2012, Caldes d’Estrac, 
Barcelona, Spain 
45. Werniewicz, K.  
Scientific publishing – writing successful papers  
The BioTiNet Summer School “Titanium in Medicine”, 04.-08.06.2012, Caldes d’Estrac, 
Barcelona., Spain 
46. Werniewicz, K.  
Scientific publishing – writing successful papers  
IXth International Conference Ion Implantation and other applications of Ions and Electrons - ION 
2012, 25.-28.06.2012, Kazimierz Dolny, Poland 
47. Winnerl, S.  
Semiconductor quantum structures in high THz fields  
503th Wilhelm and Else Heraeus Seminar Free-Electron Lasers: from Fundamentals to 
Applications, 10.-13.04.2012, Bad Honnef, Germany 
48. Winnerl, S.  
Graphene excited with short infrared pulses: fundamental aspects and application 
perspectives  
7th International Conference on Surfaces, Coatings and Nanostructured Materials, 18.-
21.09.2012, Prague, Czech Republic 
49. Zhou, S.  
Introducing ferromagnetism into semiconductors by ion beams  
18th International Conference on Ion Beam Modifications of Materials, 02.-07.09.2012, Qingdao, 
China 
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Conference talks  
1. Abrasonis, G.; Krause, M.; Gemming, S.; Bilek, M. M. M.; Möller, W.  
Ion-assisted deposition of carbon-transition metal nanocomposite thin films  
13th International Conference on Plasma Surface Engineering - PSE 2012, 10.-14.09.2012, 
Garmisch-Partenkirchen, Germany 
2. Abrasonis, G.; Krause, M.; Oates, T. W. H.; Mücklich, A.; Facsko, S.; Baehtz, C.; Shalimov, A.; 
Gemming, S.  
Ion-guided phase separation of carbon-nickel composite films during ion beam assisted 
deposition: 3D sculpting at the nanoscale  
AVS 59th International Symposium & Exhibition, 28.10.-02.11.2012, Tampa, Florida, USA  
3. Akhmadaliev, Sh.; Rugel, G.; Kolitsch, A.; von Borany, J.  
The new 6 MV tandem accelerator at HZDR  
Workshop Ionenstrahlphysik, 10.-11.07.2012, Augsburg, Germany 
4. Anwand, W.; Butterling, M.; Brauer, G.; Wagner, A.; Richter, A.; Chen, C.-L.; Kögler, R. 
Ion implantation-induced defects in Oxide Dispersion Strengthened (ODS) steel probed by 
positron annihilation spectroscopy 
DPG Spring Meeting of the Condensed Matter Section, 25.-30.03.2012, Berlin, Germany 
5. Ball, D. K.; Fritzsche, M.; Osten, J.; Lenz. K.; Facsko, S.; Mücklich, A.; Fassbender, J.  
Tailoring the magnetic damping and anisotropy of Permalloy deposited on GaSb 
nanocones.  
IEEE International Magnetics Conference 2012 (Intermag 2012), 07.-11.05.2012, Vancouver, 
Canada 
6. Baumgart, C.; Habicht, S.; Feste, S.; Helm, M.; Mantl, S.; Schmidt, H.  
Kelvin probe force microscopy imaging on horizontal locally doped silicon nanowires  
DPG Spring Meeting of the Condensed Matter Section, 25.-30.03.2012, Berlin, Germany 
7. Baumgart, C.; Habicht, S.; Feste, S.; Helm, M.; Müller, A.-D.; Schmidt, H.  
Kelvin probe force microscopy for characterizing functionalized semiconductor surfaces 
for nano and biotechnologies  
E-MRS Fall Meeting 2012, 17.-21.09.2012, Warsaw, Poland 
8. Bergner, F.; Anwand, W.; Butterling, M.; Heintze, C.; Jungmann, M.; Kolitsch, A.; Krause-
Rehberg, R.; Ulbricht, A.; Wagner, A.  
Application of positron annihilation spectroscopy to the study of irradiated Fe-Cr alloys  
21st Workshop on Iron-Chromium Alloys and 3rd Workshop on nuclear Fe alloys: modelling and 
experiments, 29.-31.10.2012, Alicante, Spain 
9. Bergner, F.; Ulbricht, A.; Wagner, A.; Kuksenko, S.; Pareige, C.; Pareige, P.; Malerba, L.  
Critical assessment of Cr-rich precipitates in neutron-irradiated Fe-12at%Cr  
Joint IAEA - EC Topical meeting on Development of new structural materials for advanced 
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Research activities in the field of high temperature processes involving oxides 
09.02.2012 
5. Bradley, Mark 
Colorado State University, USA 
Nanoscale patterns produced by ion bombardment of surfaces: The crucial effect of 
impurities 
25.06.2012 
6. Camarota, Benedetta 
PTB Braunschweig 
The electron counting capacitance standard experiment at PTB Braunschweig:  
recent progress 
16.03.2012 
7. Deniz, Okan 
Graduate School of Science Department of Advanced Technologies, Department of Materials 
Science and Engineering, Anadolu University, Eskişehir, Turkey 
Determination of correlation between magnetic and structural properties in nano-scale 
IrMn/CoFe thin film systems for magnetic storage systems 
23.10.2012 
8. Dimakis, Emmanouil 
Paul Drude Institut, Berlin 
Molecular beam epitaxy of III-V nanostructures: from growth mechanisms to light emitting 
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diodes 
12.11.2012 
9. Fedoryshyn, Yuriy 
ETH Zürich, Switzerland 
MBE growth of InP-based structures in FIRST-lab at ETH Zurich 
12.11.2012 
10. Gago, Raul 
Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Científicas, 
Madrid, Spain 
X-ray absorption studies of pure and N-doped TiO2 films grown by reactive pulsed 
magnetron sputtering 
05.09.2012 
11. Garrido, Blas  
Departamento de Electrónica, Facultad de Física, Universidad de Barcelona, Spain 
Silicon quantum dot multilayered structures for tandem solar cells and light emitting 
devices 
14.12.2012 
12. Geyer, Nadine 
MPI für Mikrostrukturphysik Halle 
Nanostructuration of silicon by means of metal-assisted chemical etching 
22.06.2012 
13. Grydlik, Martyna und Brehm, Moritz  
IFW Dresden 
SiGe nanostructures towards applications in Si-based photonics 
29.08.2012 
14. Hilgendorff, Michael 
FU Berlin 
Colloid chemistry: Preparation and surface manipulation of inorganic nanoparticles for 
multiple applications 
25.07.2012 
15. Khalid, Muhammad  
Universität Leipzig 
Defect-induced magnetism in non-magnetic oxides 
06.08.2012 
16. Kostylev, Mikhail 
University of Western Australia 
Microwave dynamics in magnetic multi-layers and nanostructures for magnonic and 
spintronic applications 
07.03.2012 
17. Lomakina, Faina  
Universität Regensburg 
Origin of the magnetogyrotropic photogalvanic effect in GaAs quantum wells 
22.02.2012 
18. Mascher, Peter 
Department of Engineering Physics and Center for Emerging Device Technologies, McMaster 
University, Hamilton, Ontario/Canada 
Visible light emission from rare-earth doped silicon-based nanostructures 
12.12.2012 
19. Matias, Vladimir 
iBeam Materials, Inc. and Los Alamos National Laboratory, NM, USA 
Ion-beam assisted nano-texturing of templates for epitaxial film growth 
18.06.2012 
20. Pérez, Nicolas 
1 Dep. Física Fonamental and Institut de Nanociència i Nanotecnologia (IN2UB), Universitat de 
Barcelona, Spain 
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Magnetite nanoparticles with bulk like behaviour 
01.08.2012 
21. Preu, Sascha 
Universität Erlangen 
N-i-pn-i-p THz sources and field effect transistor detectors 
12.06.2012 
22. Röder, Falk  
Speziallabor für höchstauflösende Elektronenmikroskopie und Elekronenholographie 
Triebenberg, TU Dresden 
Electron holography of electric and magnetic fields 
04.04.2012 
23. Romstedt, Friedrich 
Universität Göttingen 
Measurements of 3D magneto-optical properties of a thin ferromagnetic film 
02.04.2012 
24. Schmult, Stefan 
NamLab, TU Dresden 
Quantum Hall effect in GaAs/AlGaAs bilayers or excitons in two half-filled Landau levels 
25.04.2012 
25. Schultes, Günter 
HTW Saarbrücken 
Metal-carbon thin films for mechanical sensors 
28.02.2012 
26. Shi, Jing 
Department of Physics and Astronomy, University of California, Riverside, USA 
Searching for transport evidence of surface states in Bi2Se3 topological insulator 
22.05.2012 
27. Stenner, Charlotte 
Universität Hamburg 
Manipulation of magnetic properties of permalloy microstructures via chromium 
implantation 
30.10.2012 
28. Stevenson, Stephanie 
Swiss Light Source, Paul Scherrer Institut, Switzerland 
Magnetisation dynamics of mesoscopic structures studied with X-ray microscopy 
05.09.2012 
29. Vogt, Katrin 
TU Kaiserslautern 
Optical detection of spin wave transport in microstructures 
13.07.2012 
30. Windl, Wolfgang 
Department of Materials Science and Engineering, The Ohio State University, Columbus, USA 
Ab initio modeling of functional materials – From double perovskites to graphene 
24.07.2012 
31. Wurstbauer, Ursula 
Columbia University, New York, USA 
State-of-the-art structures by MBE: quantum phases of electrons and properties of 
magnetic hole systems 
05.11.2012 
32. Yildirim, Oguz  
Ankara University, Engineering Physics Department, Magnetic Materials Research Group, 
Ankara, Turkey 
The investigation of the effect of the substitution of Ti for Mn on the structural, magnetic 
and magnetocaloric properties of CoMnGe alloy 
04.04.2012 
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SPIRIT visitors  
1. Beck, L. 
CEA Saclay, Gif sur Yvette, France; 01.-03.05.2012 
2. Chenwei, H. 
CNRS/CEMHTI, Orléans, France; 02.-05.09.2012 
3. Dekov, V. 
IFREMER Département Géosciences Marines Laboratoire Géochimie Métallogénie, Plouzané, 
France ; 22.01.-04.02.2012 
4. Dimova, M. 
Institute of Mineralogy and Crystallography - Bulgarian Academy of Sciences, Sofia, Bulgaria; 
22.01.-04.02.2012 
5. Hardi, Ch. 
Loughborough University, Loughborough, United Kingdom; 23.-26.09.2012 
6. Kostova-Dimeva, I. 
University of Sofia, Sofia, Bulgaria; 13.-31.05.2012 
7. Koutsokeras, L. 
University of Ioannina, Ioannina, Greece; 05.-07.06.2012  
8. Mackova, A. 
Nuclear Physics Institute of ASCR, Rez, Czech Republic; 12.-13.06.2012; 17.-18.10.2012 
9. Malinsky, P. 
Nuclear Physics Institute of ASCR, Rez, Czech Republic; 11.-15.06.2012; 15.-18.10.2012 
10. Meissl, W. 
Technische Universität Wien, Austria; 19.02.-10.03.2012 
11. Moll, S. 
CEA Saclay, Gif sur Yvette, France; 01.-04.05.2012 
12. Nowak, M. 
University Poznan, Poznán, Poland; 11.-16.11.2012 
13. Pochrybniak, C. 
Soltan Institute for Nuclear Studies, Otwock, Poland; 28.05.-02.06.2012 
14. Ritter, R. 
Technische Universität Wien, Austria; 19.-24.02.2012; 22.-27.04.2012; 14.-18.10.2012 
15. Schrempf, D. 
Technische Universität Wien, Austria; 26.02.-10.03.2012 
16. Toms, P. 
Nuclear Physics Institute of ASCR, Rez, Czech Republic; 11.-15.06.2012; 15.-18.10.2012 
17. Werner, Z. 
Soltan Institute for Nuclear Studies, Otwock, Poland; 28.05.-02.06.2012 
18. Williams, C. 
Loughborough University, Loughborough, United Kingdom; 03.-07.06.2012 
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FEL visitors 
1. Chatterjee, S.  
  Philipps-Universität Marburg, Germany; 11.-18.03.2012; 20.-26.05.2012; 11.-22.11.2012 
2. Chernikov, A.  
  Philipps-Universität Marburg, Germany; 11.-18.03.2012; 20.-26.05.2012 
3. Deßmann, N.  
Aerospace Center DLR, Berlin, Germany; 19.-24.03.2012; 06.-10.08.2012; 24.-27.10.2012 
4. Diakonova, N.  
Laboratoire Charles Coulomb, CNRS-UM2, Département semiconducteurs, Matériaux et 
Capteurs, Université Montpellier 2, Montpellier, France; 05.-09.08.2012 
5. Kamann, J.  
Universität Regensburg,Germany; 20.-21.06.2012 
6. Lörincz, I.  
Eotvos University, Budapest, Hungary; 14.-15.02.2012; 11.-12.09.2012; 10.-15.10.2012 
7. Malnasi-Csizmadia, A.  
Eotvos University, Budapest, Hungary; 14.-15.02.2012; 11.-12.09.2012; 10.-15.10.2012 
8. Ortolani, M.  
CNR-IFN, Institute for Photonics and Nanotechnology, Rome, Italy; 18.-23.06.2012 
9. Orlita, M.  
Grenoble High Magnetic Field Laboratory (GHMFL), Grenoble, France; 30.05.-01.06.2012 
10. Pavlov, S.  
Aerospace Center DLR, Berlin, Germany; 19.-24.03.2012; 06.-10.08.2012; 25.-27.10.2012 
11. Pohl, A.  
Aerospace Center DLR, Berlin, Germany; 19.-24.03.2012; 06.-10.08.2012 
12. Preu, S.  
Universität Erlangen-Nürnberg, Erlangen, Germany; 17.-21.10.2012 
13. Rauscher, A.  
Eotvos University, Budapest, Hungary; 14.-15.02.2012 
14. Rosemann, N.  
Philipps-Universität Marburg, Germany; 11.-22.11.2012 
15. Schay, G.  
Eotvos University, Budapest, Hungary; 14.-15.02.2012; 11.-12.09.2012; 10.-15.10.2012 
16. Shastin, V.  
Institute for Physics of Microstructures of the Russian Academy of Sciences, Nizhny Novgorod, 
Russia; 06.-10.08.2012 
17. Tsyplenkov, V.  
Aerospace Center DLR, Berlin, Germany; 25.-27.10.2012 
18. Virgilio, M.  
University of Pisa, Pisa, Italy; 18.-23.06.2012 
19. Wall, S.  
ICFO - Institut de Ciències Fotòniques, Castelldefels, Spain; 11.-13.09.2012 
20. Zhukavin, R.  
Institute for Physics of Microstructures of the Russian Academy of Sciences, Nizhny Novgorod, 
Russia; 06.-10.08.2012 
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ROBL-MRH visitors  
1. Barchasz, C. 
CEA Grenoble, LITEN.DEHT.LBA, Grenoble, France; 05.-08.12.2012 
2. Bayer B. C. 
University of Cambridge, Department of Engineering , Cambridge, UK; 20.-26.06.2012 
3. Burlaka, V. 
Georg-August-Universität Göttingen, Institut für Materialphysik, Göttingen, Germany;                      
08.-12.12.2012 
4. Caha, O. 
Masaryk University, Institute of Condensed Matter Physics, Brno, Czech Republic;  
27.07.-01.08.2012 
5. Cavaleiro, A.   
University of Coimbra, CEMUC, Department of Mechanical Engineering, Coimbra, Portugal;          
03.-07.10.2012 
6. Chmelik, D.   
TU BA Freiberg, Institute of Materials Science, Freiberg, Germany; 16.-20.11.2012 
7. Colin, J.-F. 
CEA Grenoble, LITEN.DEHT.LBA, Grenoble, France; 05.-08.12.2012  
8. Gruber, W. 
TU Clausthal, Institute of Metallurgy, Clausthal-Zellerfeld, Germany; 07.-10.10.2012 
9. Holy, V. 
Charles University, Dept. of Condensed Matter Physics, Praha, Czech Republic; 07.-10.11.2012, 
27.07.-01.08.2012 
10. Hrauda, N. 
Johannes Kepler University, Institute of Semiconductor Physics, Linz, Austria; 26.09.- 
02.10.2012 
11. Keplinger, M. 
Johannes Kepler University, Institute of Semiconductor Physics, Linz, Austria; 26.09.- 
02.10.2012 
12. Kidambi, P. R. 
University of Cambridge, Department of Engineering , Cambridge, UK; 20.-26.06.2012 
13. Kriegner, D. 
Johannes Kepler University, Institute of Semiconductor Physics, Linz, Austria; 26.09.- 
02.10.2012 
14. Kurz, S. 
MPI for Intelligent Systems, Stuttgart, Germany; 30.06.-03.07.2012 
15. Leineweber A. 
MPI Metallforschung, Stuttgart, Germany; 30.06.-03.07.2012 
16. Michaelis, B. 
University of Cambridge, Department of Engineering, Cambridge, UK; 20.-26.06.2012 
17. Perez-Flores, J. C. 
Universidad San Pablo CEU, Facultad de Farmacia, Madrid, Spain;  29.11.-04.12.2012 
18. PiskorskaI-Hommel, E. 
University Bremen, Institute of Solid State Physics, Bremen, Germany; 07.-10.11.2012 
19. Rahn, J. 
TU Clausthal, Institute of Metallurgy, Clausthal-Zellerfeld, Germany; 07.-10.10.2012 
20. Ramos, A. S. 
University of Coimbra, CEMUC, Department of Mechanical Engineering, Coimbra, Portugal;          
03.-07.10.2012 
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21. Ratayski, U. 
TU BA Freiberg, Institute of Materials Science, Freiberg, Germany; 16.-20.11.2012 
22. Santos-Martins, R. M. 
IST.ITN - Campus Tecnologico e Nuclear, UFA - Unidade de Física e Aceleradores, Sacavém, 
Portugal; 03.-07.10.2012 
23. Schimpf, C. 
TU BA Freiberg, Institute of Materials Science, Freiberg, Germany; 16.-20.11.2012 
24. Schmidt, H. 
TU Clausthal, Institute of Metallurgy, Clausthal-Zellerfeld, Germany; 07.-10.10.2012 
25. Steiner, H.                                                                                                                                     
Johannes Kepler University, Institute of Semiconductor Physics, Linz, Austria; 27.07.-01.08.2012 
26. Uchida, H. T. 
Georg-August-Universität Göttingen, Institut für Materialphysik, Göttingen, Germany;                      
08.-12.12.2012 
27. Walus, S. 
CEA Grenoble, LITEN.DEHT.LBA, Grenoble, France; 05.-08.12.2012 
28. Waninger, M. 
Georg-August-Universität Göttingen, Institut für Materialphysik, Göttingen, Germany;                      
08.-12.12.2012 
Other guests  
1. Baulin, R.                                                                                                                                                                
Lomonossov Moscow State University, Moscow, Russia; 10.-16.09.2012 
2. Bilek, M.                                                                                                                                                
University of Sydney, Sydney, Australia; 25.-29.06.2012 
3. Bradley, M.                                                                                                                                                        
Colorado State University, Fort Collins, USA; 17.-29.06.2012 
4. Buljan, M.                                                                                                                                      
Ruder Boskovic Institute, Zagreb, Croatia; 01.-22.07.2012 
5. Chatterjee, S.                                                                                                                                   
Indian Institute of Technology, Bhubaneswar, India; 03.-29.05.2012 
6. Eder, F.                                                                                                                                                          
TU Wien, Wien, Austria; 01.07.-31.12.2012 
7. El-Said, A. S.                                                                                                                                
Mansoura University, Mansoura, Egypt; 04.06.-31.08.2012 
8. Gago, R.                                                                                                                                                       
Instituto de Ciencia de Materiales de Madrid, Madrid, Spain; 08.08.-07.09.2012 
9. Gallardo, R.                                                                                                                                    
Universidad Tecnica Federico Santa Maria, Valparaiso, Chile; 31.08.-24.11.2012 
10. Gan, H.                                                                                                                                              
Sendai, Japan; 01.04.-30.09.2012 
11. Gokhman, A.                                                                                                                                          
South Ukrainian Pedagogical University, Odessa, Ukraine; 01.08.-30.09.2012 
12. Gollwitzer, J.                                                                                                                                               
New York University, USA; 06.06.-28.08.2012 
13. Granovskiy, A.                                                                                                                                
Lomonossov Moscow State University, Moscow, Russia; 10.-16.09.2012 
14. Holybee, B.                                                                                                                                      
Purdue University, West Lafayette, USA; 01.11.-31.12.2012 
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15. Hou, F.                                                                                                                                                                        
Lanzhou, P.R. China; 01.04.-30.06.2012 
16. Incecam, S.                                                                                                                                            
Ankara, Turkey; 01.07.-31.08.2012 
17. Keles, U.                                                                                                                                                
Bilkent University, Ankara, Turkey; 29.05.-29.06.2012 
18. Kilibarda, F.                                                                                                                                              
University of Belgrad, Belgrad, Serbia; 01.10.-20.12.2012 
19. Konopik, P.                                                                                                                                      
COMTES FHT a.s., Dobrany, Czech Republic; 16.01.-13.04.; 09.-17.08.2012 
20. Mikhaylovskiy, Y.                                                                                                                      
Lomonossov Moscow State University, Moscow, Russia; 10.-16.09.2012 
21. Moiseev, K.                                                                                                                                           
IOFFE Institute, St. Petersburg, Russia; 13.-28.04.2012 
22. Nikolaev, S.                                                                                                                                             
RRC Kurchatov Institute, Moscow, Russia; 10.-16.09.2012 
23. Ostapenko, A.                                                                                                                           
Lomonossov Moscow State University, Moscow, Russia; 16.-19.01.2012 
24. Pankratyev, F.                                                                                                                          
Lomonossov Moscow State University, Moscow, Russia; 10.-16.09.2012 
25. Ranjan, M.                                                                                                                                          
Institute for Plasma Research, Gandhinagar, India; 15.09.-31.10.2012 
26. Semisalova, A.                                                                                                                             
Lomonossov Moscow State University, Moscow, Russia; 10.-16.09.2012 
27. Smekhova, A.                                                                                                                            
Lomonossov Moscow State University, Moscow, Russia; 01.-15.07.; 10.-16.09.;                                       
08.10.-19.11.2012 
28. Som, T.                                                                                                                                               
Institute of Physics, Bhubaneswar, India; 12.06.-13.08.2012 
29. Song, W.                                                                                                                                         
Institute of Solid State Physics, Hefei, P. R. China; 15.05.-15.08.2012 
30. Windl, W.                                                                                                                                           
Ohio State University, Columbus, USA; 12.-26.07.2012 
31. Yildirim, H.                                                                                                                                          
Karabuk University, Karabuk, Turkey; 01.07.-30.09.2012 
32. Yildirim, O.                                                                                                                                          
Ankara University, Ankara, Turkey; 02.-06.04.2012 
33. You, T.                                                                                                                                                        
TU Chemnitz, Chemnitz, Germany; 22.10.-04.11.; 02.-18.11.; 17.-21.12.2012 
34. Zhou, H.-B.                                                                                                                                                       
Beihang University, Beijing, P. R. China; 10.07.-11.08.2012 
Laboratory visits 
1. Bali, R.                                                                                                                                                  
DESY Hamburg, Germany; 04.-07.07.; 20.-23.07.; 05.-07.08.; 21.-24.09.; 18.-22.10.2012 
2. Banholzer, A.                                                                                                                                        
Swiss Light Source, PSI Villigen, Switzerland; 24.06.-03.07.; 17.-23.10.; 25.11.-04.12.2012 
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3. Buhl, M.                                                                                                                                                
Swiss Light Source, PSI Villigen, Switzerland; 31.01.-06.02.; 24.06.-03.07.; 17.-23.10.;               
29.11.-04.12.2012 
4. Bürger, D.                                                                                                                                              
DESY Hamburg, Germany; 04.-11.07.; 01.-07.08.2012 
5. Cornelius, S.                                                                                                                                         
BESSY Berlin, Germany; 16.-23.07.2012 
6. Deac, A.                                                                                                                                                
Swiss Light Source, PSI Villigen, Switzerland; 25.-29.11.2012 
7. Drachenko, O.                                                                                                                                     
LNCMP Toulouse, France; 13.-22.03.; 29.08.-17.09.2012 
8. Erbe, A.                                                                                                                                             
BESSY Berlin, Germany; 30.04.-03.05.2012                                                                                       
Swiss Light Source, PSI Villigen, Switzerland; 29.06.-03.07.2012 
9. Facsko, S.                                                                                                                                      
University of Twente, Enschede, The Netherlands; 15.-19.04.2012 
10. Fowley, C.                                                                                                                                                  
Trinity College, Dublin, Ireland; 23.04.-01.05.; 04.-10.11.2012                                                          
Swiss Light Source, PSI Villigen, Switzerland; 17.-23.10.; 26.-30.11.2012 
11. Fries, F.                                                                                                                                             
Swiss Light Source, PSI Villigen, Switzerland; 31.01.-06.02.2012 
12. Gollwitzer, J.                                                                                                                                         
Swiss Light Source, PSI Villigen, Switzerland; 23.06.-03.07.2012 
13. Grebing, J.                                                                                                                                            
BESSY Berlin, Germany; 27.04.-07.05.2012                                                                                                     
Swiss Light Source, PSI Villigen, Switzerland; 24.06.-03.07.2012 
14. Grenzer, J.                                                                                                                                       
ESRF Grenoble, France; 28.05.-01.06.; 05.-16.11.2012 
15. Heintze, C.                                                                                                                                           
Oxford, UK; 04.-09.03.2012 
16. Keller, A.                                                                                                                                                   
University of Twente, Enschede, The Netherlands; 15.-19.04.2012                                                    
Reykjavik University, Reykjavik, Island; 15.-23.05.2012 
17. Khalid, M.                                                                                                                                            
BESSY Berlin, Germany; 27.11.-02.12.2012 
18. Langer, M.                                                                                                                                               
Swiss Light Source, PSI Villigen, Switzerland; 29.11.-04.12.2012 
19. Luo, W.                                                                                                                                           
UESTC Chengdu, P. R. China; 24.06.-30.06.2012 
20. Meutzner, F.                                                                                                                                           
DESY Hamburg, Germany; 04.-07.07.; 20.-23.07.2012 
21. Ou, X.                                                                                                                                                                    
Beihang University, Beijing, P. R. China; 08.09.-02.10.2012                                                                  
Universität Konstanz, Germany; 11.-15.11.2012 
22. Potzger, K.                                                                                                                                              
Moscow State University, Moscow, Russia; 11.-15.04.2012 
23. Roshchupkina, O.                                                                                                                                
ESRF Grenoble, France; 28.05.-05.06.; 27.06.-09.07.; 18.-21.09.; 05.-20.11.2012 
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24. Schneider, H.                                                                                                                                
Shanghai Jiatong University, Shanghai, P. R. China; 14.-29.04.; 20.10.-04.11.2012                     
Universität Freiburg, Germany; 26.05.-03.06.2012 
25. Schönitz, I.                                                                                                                                         
CIEMAT Madrid, Spain; 03.-16.06.2012 
26. Sendler, T.                                                                                                                                               
Swiss Light Source, PSI Villigen, Switzerland; 31.01.-07.02.2012 
27. Sluka, V.                                                                                                                                               
Swiss Light Source, PSI Villigen, Switzerland; 25.11.-30.11.2012 
28. Steinbach, G.                                                                                                                                        
Swiss Light Source, PSI Villigen, Switzerland; 31.01.-07.02.; 17.-23.10.2012 
29. Ulbricht, A.                                                                                                                                          
Budapest, Hungary; 21.05.-01.06.2012 
ILL Grenoble, France; 04.-07.12.2012 
30. Vinnichenko, M.                                                                                                                                 
BESSY Berlin, Germany; 09.-16.07.2012 
31. Wagner, A.                                                                                                                                      
Budapest, Hungary; 21.05.-01.06.2012                                                                                                 
Rouen University, Rouen, France; 08.-14.07.2012  
CRIEP, Tokyo, Japan; 12.-21.10.2012 
32. Wang, Y.                                                                                                                                            
BESSY Berlin, Germany; 22.-29.04.; 27.11.-02.12.2012                                                              
Advanced Light Source, Berkeley, USA; 20.06.-02.07.2012                                                                   
DESY Hamburg, Germany; 01.-07.08.2012 
33. Wilde, C.                                                                                                                                          
BESSY Berlin, Germany; 05.-10.06.2012 
34. Wintz, S.                                                                                                                                               
Advanced Light Source, Berkeley, USA; 08.-26.03.2012                                                                            
BESSY Berlin, Germany; 30.04.-04.05.2012                                                                                           
Swiss Light Source, PSI Villigen, Switzerland; 25.-29.11.2012 
35. Yildirim, O.                                                                                                                                                
BESSY Berlin, Germany; 14.-21.11.2012 
36. Zhou, S.                                                                                                                                             
BESSY Berlin, Germany; 22.-29.04.; 27.11.-02.12.2012                                                                
Advanced Light Source, Berkeley, USA; 20.06.-02.07.2012                                                            
DESY Hamburg, Germany; 06.-11.07.2012 
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Projects 
The projects are listed by funding institution and project starting date. In addition, the institute has 
several bilateral service collaborations with industrial partners and research institutions. These 
activities are not included in the following overview. 
European Projects  
1. 10/2006 – 03/2012 European Union                                                                                       EU 
NULIFE – Nuclear plant life prediction                                                                                                                                           
Dr. E. Altstadt Phone: 0351 260 2276  e.altstadt@hzdr.de 
2. 02/2008 – 10/2013 European Union                                                                                       EU 
GETMAT– Generation IV and transmutation materials                                                                                                                                          
Dr. F. Bergner Phone: 0351 260 3186  f.bergner@hzdr.de 
3. 03/2009 – 08/2013 European Union                                                                                       EU 
SPIRIT – Support of public and industrial research using ion beam technology 
Prof. W. Möller Phone: 0351 260 2245  w.moeller@hzdr.de 
4. 03/2009 – 12/2013 European Union                                                                                       EU 
PERFORM60 – Radiation effects in reactor materials (modelling)                                                                                                                                          
Dr. E. Altstadt Phone: 0351 260 2276  e.altstadt@hzdr.de 
5. 02/2010 – 01/2014 European Union                                                                                       EU 
LONGLIFE – Long term irradiation embrittlement effects                                                                                                                                           
Dr. E. Altstadt Phone: 0351 260 2276  e.altstadt@hzdr.de 
6. 01/2011 – 12/2014 European Union                                                                                       EU 
MATTER – Materials testing and rules                                                                                                                                       
Dr. F. Bergner Phone: 0351 260 3186  f.bergner@hzdr.de  
7. 06/2012 – 05/2015 European Union                                                                                       EU 
CALIPSO – Coordinated access to lightsources                                                                                                                                       
Prof. M. Helm Phone: 0351 260 2260  m.helm@hzdr.de                                                                                   
Helmholtz Association Projects  
1. 03/2011 – 02/2016 Helmholtz–Gemeinschaft                                                                      HGF 
Functional Materials – Helmholtz Young Investigators' Group 
Dr. S. Zhou Phone: 0351 260 2484  s.zhou@hzdr.de 
2. 07/2011 – 09/2018 Helmholtz–Gemeinschaft                                                                      HGF 
NANONET – International Helmholtz research school on nanoelectronic networks 
Dr. A. Erbe Phone: 0351 260 2366  a.erbe@hzdr.de 
3. 08/2011 – 07/2012 Helmholtz–Gemeinschaft                                                                      HGF  
HEF–ALION – Spinoff funding 
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
4. 10/2011 – 09/2016 Helmholtz–Gemeinschaft                                                                      HGF 
MEMRIOX – Virtual Institute – Memory effects in oxides 
Prof. S. Gemming Phone: 0351 260 2470  s.gemming@hzdr.de 
5. 02/2012 – 01/2015 Helmholtz–Gemeinschaft                                                                      HGF 
HRJRG–DETI.2 – Helmholtz Russia joint research group – Magnetic TiO2 
Dr. K. Potzger Phone: 0351 260 3244  k.potzger@hzdr.de 
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German Science Foundation Projects 
1. 07/2008 – 06/2012 Deutsche Forschungsgemeinschaft                                                      DFG 
MIMAD – Magnetische Anisotropie und Dämpfungsphänomene 
Prof. J. Fassbender Phone: 0351 260 3096  j.fassbender@hzdr.de 
2. 02/2009 – 09/2012 Deutsche Forschungsgemeinschaft                                                      DFG 
Magtemplat – Magnetismus von nanoskaligen Filmen 
Prof. J. Fassbender Phone: 0351 260 3096  j.fassbender@hzdr.de 
3. 09/2009 – 12/2012 Deutsche Forschungsgemeinschaft                                                      DFG 
DAFS – Bestimmung der elektronischen Struktur von Punktdefekten                                           
Prof. S. Gemming Phone: 0351 260 2470  s.gemming@hzdr.de 
4. 11/2009 – 03/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
TCOMR – Electric field control of magnetoresistance                                                             
Dr. H. Schmidt Phone: 0351 260 2724 heidemarie.schmidt@hzdr.de 
5. 02/2010 – 06/2014 Deutsche Forschungsgemeinschaft                                                      DFG 
HybMagMat – Hybride magnetische Materialien 
Prof. J. Fassbender Phone: 0351 260 3096  j.fassbender@hzdr.de 
6. 04/2010 – 03/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
Strukturbildende Prozesse in amorphen Kohlenstoffschichten 
Dr. L. Bischoff Phone: 0351 260 2963  l.bischoff@hzdr.de 
7. 08/2010 – 09/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
SuSi – Supraleitung in hochdotierten Gruppe IV Halbleitern 
Dr. V. Heera Phone: 0351 260 3343  v.heera@hzdr.de 
8. 09/2010 – 08/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
TERATOP – Terahertz non–linear detection and quantum optical studies by             
resonant  two–photon transitions in semiconductor quantum wells                                                                         
Dr. H. Schneider Phone: 0351 260 2880  h.schneider@hzdr.de 
9. 11/2010 – 10/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
Atomistische Simulation der Selbstorganisation bei der Ionenstrahlerosion 
Dr. K.–H. Heinig Phone: 0351 260 3288  k.h.heinig@hzdr.de 
10. 11/2010 – 10/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
Relaxation dynamics in graphene investigated in the mid– and far–infrared                           
spectral range 
Dr. S. Winnerl Phone: 0351 260 3522  s.winnerl@hzdr.de 
11. 01/2011 – 01/2014       Deutsche Forschungsgemeinschaft                                                     DFG 
Wechselwirkung langsamer hochgeladener Ionen mit der Oberfläche von                  
Ionenkristallen und Isolatoren 
Dr. S. Facsko Phone: 0351 260 2987  s.facsko@hzdr.de 
12. 01/2011 – 12/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
Selbstorganisierte Oberflächenmuster auf Germanium durch schwere                         
Clusterionen 
Dr. L. Bischoff Phone: 0351 260 2963  l.bischoff@hzdr.de 
13. 03/2011 – 02/2014 Deutsche Forschungsgemeinschaft                                                      DFG 
HISENSE – High–field studies of the band dispersion in novel semiconductor                 
materials  
Dr. O. Drachenko Phone: 0351 260 3593  o.drachenko@hzdr.de 
14. 04/2011 – 03/2014 Deutsche Forschungsgemeinschaft                                                      DFG 
FRUSTPART – Nukleation von Spinordnung in niederdimensionalen kolloidalen 
Partikelsystemen 
Dr. A. Erbe Phone: 0351 260  2366  a.erbe@hzdr.de 
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15. 04/2011 – 03/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
CONDDNA – Quantum transport at the molecular scale of DNA 
Dr. A. Erbe Phone: 0351 260  2366  a.erbe@hzdr.de 
16. 08/2011 – 07/2014 Deutsche Forschungsgemeinschaft                                                      DFG 
Nanostrukturierung von Oberflächen  mit direkter Extraktion der Ionen                                                           
aus Plasmaquellen  
Dr. S. Facsko Phone: 0351 260 2987  s.facsko@hzdr.de 
17. 09/2011 – 04/2013 Deutsche Forschungsgemeinschaft                                                      DFG 
Terahertz dynamics in carbon based nanostructures 
Prof. M. Helm Phone: 0351 260 2260  m.helm@hzdr.de 
18. 03/2012 – 04/2014 Deutsche Forschungsgemeinschaft                                                      DFG 
Ortsaufgelöste ferromagnetische Resonanz 
Dr. J. Lindner Phone: 0351 260 3221  j.lindner@hzdr.de 
19. 09/2012 – 09/2015 Deutsche Forschungsgemeinschaft                                                      DFG 
ATOMIX – Atomares Mischen in Halbleitermultischichtstrukturen 
Dr. M. Posselt Phone: 0351 260 3279  m.posselt@hzdr.de 
Federally Funded Projects 
1. 06/2009 – 05/2012 Bundesministerium für Bildung und Forschung                                  BMBF 
BioLED – Sensorik zur Detektion von  (anti–) östrogen– und (anti–)                     
androgenwirkenden Substanzen 
Dr. L. Rebohle Phone: 0351 260 3368  l.rebohle@hzdr.de 
2. 01/2010 – 03/2012 AG Industrieller Forschungseinrichtungen (AiF)                                 BMWi 
Advanced coatings to suppress environmental embrittlement of TiAl alloys 
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
3. 04/2010 – 03/2013 Bundesministerium für Bildung und Forschung                                  BMBF 
WTZ–Türkei: Rainbow Energy – Development of new solar cells 
Dr. K–.H. Heinig Phone: 0351 260  3288  k.h.heinig@hzdr.de 
4. 05/2010 – 07/2013 AG Industrieller Forschungseinrichtungen (AiF)                                 BMWi 
TCO Grenzflächenoptimierung  
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
5. 06/2010 – 11/2013 Gesellschaft für Anlagen– und Reaktorsicherheit  (GRS)                  BMBF 
Alterungseffekte in RDB–Stahl                                                                                                                                         
Dr. F. Bergner Phone: 0351 260 3186  f.bergner@hzdr.de 
6. 07/2010 – 06/2013 Gesellschaft für Chemische Technik und Biotechnologie          DECHEMA 
Ionenimplantation für Hochtemperatur–Oxidationsschutz                                                              
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
7. 10/2010 – 09/2013 Bundesministerium für Bildung und Forschung                                  BMBF 
Photoinitiated dynamics studied in the fs to ns time and the THz to PHz frequency 
domain: Picosecond beamline at FELBE (PIDID) 
Dr. H. Schneider Phone: 0351 260 2880  h.schneider@hzdr.de 
8. 05/2011 – 09/2013 Gesellschaft für Chemische Technik und Biotechnologie          DECHEMA 
Ionenimplantation für TiAl–Proben 
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
9. 10/2011 – 10/2013 Bundesministerium für Bildung und Forschung                                  BMBF 
WTZ Indien: Plasmonische Strukturen 
Dr. S. Facsko Phone: 0351 260 2987  s.facsko@hzdr.de 
10. 10/2011 – 09/2012 Swiss National Science Foundation                                                      SNF 
Spin–dependent transport in superlattice nanostructures 
Dr. A. Deac Phone: 0351 260 3709  a.deac@hzdr.de 
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11. 01/2012 – 11/2014 AG Industrieller Forschungseinrichtungen (AiF)                                 BMWi 
Hochtemperaturoxidationsschutz für Titanlegierungen 
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
Saxony State Funded Projects 
1. 07/2009 – 12/2012 Sächsische Aufbaubank                                                                        SAB 
High–k Gate Dielektrika 2. Generation (KZWEI) 
Dr. W. Skorupa Phone: 0351 260 3612  w.skorupa@hzdr.de 
2. 12/2010 – 05/2013 Sächsische Aufbaubank                                                                        SAB 
Kelvin–Kraft–Mikroskopie 
Dr. H. Schmidt Phone: 0351 260 2724 heidemarie.schmidt@hzdr.de 
3. 04/2012 – 03/2014 Sächsische Aufbaubank                                                                        SAB 
ADDE II: Untersuchung der H–Passivierung 
Dr. W. Skorupa Phone: 0351 260 3612  w.skorupa@hzdr.de 
4. 06/2012 – 05/2014 Sächsische Aufbaubank                                                                        SAB 
NanoKlang – Korrosionsunterdrückung an Metall–Orgelpfeifen 
Dr. W. Skorupa Phone: 0351 260 3612  w.skorupa@hzdr.de 
Personnel Exchange Projects 
1. 09/2009 – 08/2012 Alexander–von–Humboldt–Stiftung                                                       AvH 
Gastaufenthalt Dr. El–Said (Mansoura University, Egypt) 
Dr. S. Facsko Phone: 0351 260 2987  s.facsko@hzdr.de 
2. 01/2011 – 12/2012 Deutscher Akademischer Austauschdienst                                        DAAD 
Projektbezogener Personenaustausch mit Spanien (Universidad Politécnica de Madrid) 
Dr. F. Munnik Phone: 0351 260 2174  f.munnik@hzdr.de 
3. 11/2011 – 10/2012 Alexander–von–Humboldt–Stiftung                                                       AvH 
Rückkehrstipendium Dr. A. Keller 
Prof. J. Fassbender Phone: 0351 260 3096  j.fassbender@hzdr.de 
Bilateral Projects 
1. 05/2008 – 04/2012 FHR Anlagenbau Ottendorf–Okrilla/IHP Frankfurt/O.                      Industry 
Blitztemperung 200 
Dr. W. Skorupa Phone: 0351 260 3612  w.skorupa@hzdr.de 
2. 07/2008 – 06/2012 TU Bergakademie Freiberg                                                               TU–BA 
Eigenschaften nano– und mikrokristalliner Si–Dünnfilme 
Dr. W. Skorupa Phone: 0351 260 3612  w.skorupa@hzdr.de 
3. 04/2010 – 03/2012 FHR Anlagenbau / Centrotherm                                                      Industry 
Entwicklung industrietauglicher Temperaturmessung 
Dr. W. Skorupa Phone: 0351 260 3612  w.skorupa@hzdr.de 
4. 04/2010 – 05/2013 Swiss Federal Nuclear Safety Inspectorate                                         ENSI 
Bruchmechanik bei Neutronenversprödung 
Dr. H.–W. Viehrig Phone: 0351 260 3246  h.w.viehrig@hzdr.de 
5. 10/2010 – 09/2013 DTF Technology Dresden                                                                Industry 
DTF– Industriedoktoranden 
Prof. A. Kolitsch Phone: 0351 260 3348  a.kolitsch@hzdr.de 
6. 05/2012 – 03/2013 IXYS Semiconductor                                                                        Industry 
Machbarkeitsstudie 
Dr. J. v. Borany Phone: 0351 260 3378  j.v.borany@hzdr.de 
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7. 07/2012 – 06/2016 Abengoa Research, Seville, Spain                                                  Industry 
 AR framework collaboration 
Dr. G. Abrasonis Phone: 0351 260 3578  g.abrasonis@hzdr.de 
8. 10/2012 – 12/2015 Carl–Zeiss Microscopy                                                                    Industry 
Kooperation Ionenmikroskopie 
Dr. J. v. Borany Phone: 0351 260 3378  j.v.borany@hzdr.de 
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Doctoral training programme 
International Helmholtz Research School NANONET 
The Institute of Ion Beam Physics and Materials Research is 
coordinating the International Helmholtz Research School for 
Nanoelectronic Networks (IHRS NANONET) supported by the Initiative 
and Networking Fund of the Helmholtz Association. The project 
started in October 2012. The total funding is 1.200.000 € for a period 
of 6 years.  
The IHRS NANONET is an international, interdisciplinary and 
thematically focused doctoral programme in the field of molecular 
electronics. The research school aims at attracting and promoting 
excellence by educating promising doctoral candidates with backgrounds in physics, chemistry, materials 
science and electrical engineering. During a period of 3 years PhD candidates benefit from well-
structured, comprehensive training curricula and multiple mentorship, while performing cutting edge 
research projects within one of the 15 NANONET research groups. Under the supervision of outstanding 
scientists leading the field of nanoelectronics, the doctoral candidates have the unique opportunity to 
contribute to the advancement of molecular electronics by developing strategies for the real integration of 
single nanosized building blocks into large interconnected networks 
The period of doctoral 
studies is crucial in the 
academic career of young 
scientists. Therefore, the IHRS 
NANONET fosters not only 
professional qualification but 
also personal development by 
equipping young graduates with 
competencies for successful 
careers in a wide variety of 
positions in academia and 
industry. The training programme invests on professional competencies, such as the capability to work 
across disciplines and cultures by promoting networking and the exchange of ideas and knowledge with 
fellows, mentors and collaboration partners. The cooperation with international scientific and industrial 
partners complements and broadens the expertise of the IHRS NANONET by establishing a unique 
research and training network for its doctoral candidates. 
The consortium 
Helmholtz-Zentrum Dresden-Rossendorf 
Technische Universität Dresden 
Leibniz Institute of Polymer Research Dresden 
Fraunhofer Institute for Nondestructive Testing  
NaMLab gGmbH 
 
For further information please contact the NANONET coordinator, Dr. Ana Cordeiro (nanonet@hzdr.de)  
or visit the IHRS NANONET website: www.ihrs-nanonet.de  
Knowledge General courses Specialized courses 
Independence Work plan Tutoring 
Research proposal 
 
Tutoring 
Output NANONET journal (min. 2) / refereed journals / conferences 
Transfer Lab tours / internships / training transferable skills 
!
Annual International NANONET Workshop 
PhD seminar (with TAC) 
Year 1 Year 2 Year 3 
!
Experimental equipment  
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Experimental equipment 
Accelerators, ion implanters and ion-assisted-deposition  
Van de Graaff Accelerator (VdG) 1.8 MV TuR Dresden, DE 
Tandetron Accelerator (T1) 3 MV HVEE, NL 
Tandetron Accelerator (T2) 6 MV HVEE, NL 
Low-Energy Ion Implanter 0.5 - 50 kV Danfysik, DK 
High-Current Ion Implanter 20 - 200 kV Danfysik, DK 
High-Energy Ion Implanter 40 - 500 kV HVEE, NL 
Plasma Immersion Ion Implantation 5 - 60 keV GBR, DE / Home-built 
Focused Ion Beam (15 nm, variable ions) 30 keV, 10 A/cm2 Orsay Physics, FR 
Highly-Charged Ion Facility 25 eV – 25 keV × Q 
Q = 1…40 (Xe) 
Home-built 
Dual-Beam Magnetron Sputter Deposition  Roth & Rau, DE 
Ion-Beam-Assisted Deposition  Danfysik, DK 
Ion-Beam Sputtering 200 - 2000 V Home-built 
UHV Ion Irradiation (Ar, He, etc.) 0 - 5 keV 
Scan 10×10 mm2 
VG, USA 
Ion Beam Analysis (IBA) 
A wide variety of advanced IBA techniques are available at the MeV accelerators (see figure). 
RBS  Rutherford Backscattering Spectrometry (1), (9), (11), (12), (21) vdG, T1, T2 
RBS/C RBS + Channelling (1), (9), (11), (12) vdG, T1, T2 
HR-RBS High-Resolution RBS/C  (9), (13) T1 
ERDA Elastic Recoil Detection Analysis (1), (4) vdG, T2 
HR-ERDA High-resolution ERDA (7) T2 
PIXE Particle-Induced X-ray Emission (1), (5), (6), (12) vdG, T1, T2 
PIGE Particle-Induced γ Emission (6), (12) T1, T2 
NRA Nuclear Reaction Analysis (3) T2 
NRRA Nuclear Resonance Reaction Analysis (11) T1 
NMP Nuclear Microprobe (12) T1 
AMS Accelerator Mass Spectrometry (10) T2 
 (focused to cosmogenic radionuclides: 10Be, 26Al, 36Cl, 41Ca, 129I) 
 
Some stations are equipped with additional process facilities enabling in-situ IBA investigations during ion 
irradiation, sputtering, deposition, annealing etc.. 
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Schematic overview of the Ion Beam Center 
Other particle-based analytical techniques 
SEM Scanning Electron Microscope 1 - 30 keV 
+ EDX 
Hitachi, JP 
TEM  Transmission Electron Microscope 
(Titan 80-300 with Image Corrector) 
80 - 300 keV 
+ EDX, +GIF 
FEI, NL 
FIB/SEM Focused Ion / Electron Cross Beam 
(NVision 40 with Elphy Plus Litho) 
0.5 – 30 keV 
+ IL, + EDX 
Zeiss-NTS, DE 
Raith, Bruker, DE 
AES  Auger Electron Spectroscopy + XPS Fisions, UK 
CEMS Mössbauer Spectroscopy 57Fe source Home-built 
PAS Positron Annihilation Spectroscopy 22Na source 
30 V - 36 kV 
Home-built 
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Photon-based analytical techniques 
XRD/XRR X-Ray Diffraction and Reflection Cu-Kα Bruker AXS, DE 
HR-XRD High-Resolution XRD Cu-Kα GE Inspection, DE 
TFA Thin Film Analysis, including Grazing 
Incidence Small Angle Scattering (GiSAXS) 
   Cu-Kα PANalytical, NL 
XRD/XRR with Synchrotron Radiation 5 – 35 keV ROBL at ESRF, FR 
SE Spectroscopic Ellipsometry 250 - 1700 nm  Woollam, US 
FTIR Fourier-Transform Infrared Spectrometer 600 - 7000 cm-1 Nicolet, US 
FTIR Fourier-Transform Infrared Spectrometer 50 - 15000 cm-1 Bruker, DE 
 Ti:Sapphire Femtosecond Laser 78 MHz Spectra Physics, US 
 Femtosecond Optical Parametric Osci.   APE, DE 
 Ti:Sapphire Femtosecond Amplifier 1 kHz Femtolasers, AT 
 Ti:Sapphire Femtosecond Amplifier 250 kHz Coherent, US 
 Femtosecond Optical Parametric Amplifier  Light Conversion, LI 
THz-TDS  Terahertz Time-Domain Spectroscopy  0.1 - 4 THz Home-built 
Raman Raman Spectroscopy > 45 cm-1 shift Jobin-Yvon-Horiba, FR 
PL Photoluminescence 300 - 1500 nm Jobin-Yvon-Horiba, FR 
TRPL Time-Resolved PL τ = 3 ps - 2 ns 
τ > 5 ns 
Hamamatsu Phot., JP 
Stanford Research, US 
EL Electroluminescence (10-300 K) 300 - 1500 nm Jobin-Yvon-Horiba, FR 
 Optical Split-Coil Supercond. Magnet 7 T Oxford Instrum., UK 
PR Photomodulated Reflectivity 300 - 1500 nm Jobin-Yvon-Horiba, FR 
PLE Photoluminescence Excitation 300 - 1500 nm Jobin-Yvon-Horiba, FR 
OES Optical Emission Spectroscopy 250 – 800 nm Jobin-Yvon-Horiba, FR 
Magnetic thin film deposition and analysis  
MBE Molecular Beam Epitaxy with in-situ FIB  CreaTec, DE 
MBE Molecular Beam Epitaxy  Home-built 
PLD  Pulsed Laser Deposition  SURFACE, DE 
MFM Magnetic Force Microscope ~ 50 nm resol VEECO / DI, US 
SQUID Supercond. Quantum Interference Device ± 7 T Quantum Design, US 
MOKE Magneto-Optic Kerr Effect (in-plane) ± 0.35 T Home-built 
MOKE Magneto-Optic Kerr Effect (perpend.) ± 2 T Home-built 
SKM Scanning Kerr Microscope  Home-built 
 Kerr Microscope  Evico Magnetics, DE 
TR-MOKE Time-Resolved MOKE (Pump-Probe)  Home-built 
VNA-FMR Vector Network Analyzer Ferromagnetic Resonance Agilent / Home-built 
ME Magnetoellipsometer  LOT, DE;  AMAC, US 
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Other analytical and measuring techniques 
STM Scanning Tunneling Microscope (with AFM-Option) DME, DK 
STM  In-situ Scanning Tunneling Microscope (T variable) Omicron, DE 
AFM  Atomic Force Microscope (Tapping Mode) SIS, DE 
AFM Atomic Force Microscope (with c-AFM, SCM-Module) Veeco Instruments, UK 
KFM  Kelvin Probe Force Microscopy  Anfatec, DE 
 Dektak Surface Profilometer  Veeco, US 
 Micro Indenter / Scratch Tester  Shimatsu, JP 
MS Mass Spectrometers (EQP-300, HPR-30)  HIDEN, DE & US 
 Wear Tester (pin-on disc)  Home-built 
LP Automated Langmuir Probe  Impedans, IE 
HE Hall Effect Equipment 2 - 400 K, ≤ 9 T LakeShore, US 
RS Sheet-Rho-Scanner  AIT, South Korea 
DLTS Deep Level Transient Spectroscopy (+ I-U / C-V) 
(10 - 300 K, 1 MHz) 
PhysTech, DE 
IV / CV Photocapacitance (+I-V/G-V) (250 - 2500 nm) Home-built 
IV / CV I-V and C-V Analyzer  Keithley, US 
IV / CV I-V and C-V Semi-Automatic Prober (-60 – 300°C) Süss, DE; Keithley, US 
IV I-V Prober (4.2 – 600 K) LakeShore, Agilent, US 
Processing and preparation techniques 
Physical Deposition Sputtering DC / RF, Evaporation Nordiko, UK 
 Electron Beam Evaporation System Leybold Optics, DE 
 Thermal Evaporation Bal-Tec, LI 
Chemical Deposition Plasma Enhanced CVD 
(for a-Si, SiO2, SiON, Si3N4)   
Oxford Instruments, 
UK 
Dry Etching Plasma and RIE Mode Sentech, DE 
Reactive Ion Beam Etching ∅ 6”, Ar, CF4 Roth & Rau, DE 
Etching / Cleaning incl. Anisotropic Selective KOH Etching  
Photolithography Mask-Aligner, 2 µm-level Süss, DE 
Electron Beam Lithography Raith 150-TWO: ∅ 6”, 10 nm res.  Raith, DE 
Thermal Treatment Room Temperature - 2000°C  
 • Furnace InnoTherm, DE 
 • Rapid Thermal Annealing ADDAX, FR 
 • Flash-Lamp Units (0.5 – 20 ms) Home-built; FHR, DE 
 • RF Heating (Vacuum)  JIP.ELEC, FR 
 • Laser annealing (CW,  808 nm, 450 W) 
• Laser annealing (30 ns pulse,10 Hz, 308 nm, 500 mJ) 
LIMO, DE 
COHERENT, USA 
Bonding Techniques Ultrasonic Wire Bonding Kulicke & Soffa, US 
Cutting, Grinding, Polishing  Bühler, DE 
TEM Sample Preparation Plan View and Cross Section  
incl. Ion Milling Equipment 
Gatan, US 
Experimental equipment  
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Hot cells laboratory 
Mechanical testing of neutron 
irradiated structural materials 
max. total activity 5 TBq (Co-60), 
T = -150 ... +315 °C 
 
Fracture mechanics testing max load ±50 kN MTS, US 
Charpy impact testing 300 J WPM Leipzig, DE 
Small punch test 10 kN Hegewald & Peschke, DE 
Specimen preparation Electrical discharge machining AGIE, DE 
Depth sensing nanoindentation/ 
AFM 
UNAT, load range 1 … 500 mN ASMEC, DE 
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User facilities and services 
Ion Beam Center (IBC) 
The IBC is a leading European user facility primarily dedicated to research and application of ion beam 
techniques in materials science. The IBC comprises various ion beam facilities providing a wide energy 
range between eV and about 60 MeV. Besides these facilities, structural analysis (electron microscopy 
and spectroscopy, X-ray scattering techniques) and sample or device processing under clean-room 
conditions belong to the IBC to deliver a “complete” user service. The use of the IBC facilities includes the 
scientific and technical support during planning, execution and subsequent evaluation of the experiments. 
 
!
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The IBC is recognized as a qualified large-scale facility within the “BMBF Verbundforschung” promoting 
long-term collaborations with universities. In addition, the IBC coordinates the European Infrastructure 
Project “SPIRIT” (see page 122) dedicated to transnational user access to different European Ion Beam 
Centres. With respect to other ion beam centres worldwide, the IBC may be characterized by three 
specific features: (i) the research is focused to materials science, (ii) the activities cover both, material 
modification and analysis, and (iii) the operation as a competence centre for ion beam applications in a 
close collaboration with industry. At IBC most common ion beam techniques are available, including 
dedicated end-stations for ion beam modification and analysis such as: 
• High-energy ion implantation for semiconductor processing, 
• Plasma-based ion implantation for fast semiconductor doping or surface patterning processes, 
• Surface patterning or micromechanics on the nano-scale by various focus ion beam facilities, 
• Experiments using highly charged ions,  
• End-stations allowing the simultaneous use of different IBA-techniques (e.g. RBS, He-ERDA, PIXE), 
partly as in-situ analysis during deposition or annealing experiments, 
• Hydrogen (or other light elements) depth profiling using nuclear reaction analysis, 
• Depth profiling (ERDA, RBS) with near-surface sub-nm resolution using magnetic spectrometers, 
• IBA with µm spatial resolution using an ion microprobe or state-of-the art x-ray cameras, 
• Accelerator mass spectrometry @ DREAMS beamline (excluding 14C detection) 
Presently, access to IBC installations is provided on the basis of scientific collaborations with research 
groups, by proposals of external users or taking advantage of the commercial service activities by the 
HZDR Innovation GmbH (www.hzdr-innovation.de). For further information please contact Dr. Johannes 
von Borany (j.v.borany@hzdr.de) or visit the IBC webpage (www.hzdr.de/IBC). 
User facilities and services 
 
 
122 
SPIRIT 
The Institute of Ion Beam Physics and Materials Research is coordinating the Integrated Infrastructure 
SPIRIT under the FP7 Capacities Programme of the European Union. The duration of the project is from 
March 2009 to August 2013, the total funding is 6.991.000 €. 
SPIRIT integrates 11 leading ion beam facilities from 6 European Member States and 2 Associated 
States. Nine of the partners provide Transnational Access to European researchers and industry at their 
infrastructures. Ion beams in an energy range from ~10 keV to ~100 MeV are supplied for modification 
and analysis of solid surfaces, interfaces, thin films and nanostructured systems, being mainly applied in 
research related to materials, biomedicine, environment, and cultural heritage. SPIRIT aims at increasing 
user access and the quality of research by sharing best practice, balancing supply and demand, 
harmonizing procedures and extending the services into new emerging fields and to new users especially 
from the New European Member States and industry. The project comprises a management section (4% 
of the total funding) and three interlinked activities of Transnational Access (45%), Networking (19%) and 
Joint Research (32%). 
Potential users from public of industrial research are invited for free use of the ion beam facilities at the 
SPIRIT partners laboratories, either by conducting experiments personally or by sending samples in case 
of standard ion implantation or ion beam materials analysis. Regularly, access is given on a transnational 
basis, i.e. the user has to be employed in a European Member or Associate State in which the specific 
infrastructure is not situated.  
Also in 2012, all SPIRIT activities continued to demonstrate excellent performance. The second 
periodic report (covering months 19-36) was readily accepted by the European Commission. Although 
close to 100% of all deliverables and milestones will be accomplished, residual resources enable 
additional Joint Research activities and an increase of the Transnational Access volume by ~5%. For this 
purpose, a prolongation of SPIRIT by six months was agreed with the Commission.  
Under the coordination of the University of Surrey, U.K., the SPIRIT consortium successfully applied for 
an EU Marie Curie Initial Training Network project SPRITE (“Supporting Postgraduate Research with 
Internships in industry and Training Excellence”) with a total funding of 3.537.036 €, starting in January 
2013. 
 
 
 
The SPIRIT Consortium  
The top nine partners provide Transnational Access. 
 
Helmholtz-Zentrum Dresden-Rossendorf  Germany 
CNRS – CENBG Bordeaux France 
Katholieke Universiteit Leuven Belgium 
Jozef Stefan Institut Ljubljana Slovenia 
Universität der Bundeswehr München  Germany 
CEA – JANNUS Saclay and CIMAP Caen France 
University of Surrey U.K. 
University de Pierre et Marie Curie Paris France 
Ruder Boskovic Institute Zagreb Croatia 
Institute Tecnologico e Nuclear Lisboa Portugal 
Swiss Federal Institute of Technology Zurich Switzerland 
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Free Electron Laser FELBE 
ELBE is an acronym for the free-electron laser (FEL) at the Electron Linear accelerator with high 
Brilliance and Low Emittance (ELBE) located at the Helmholtz-Zentrum Dresden-Rossendorf, Germany. 
The heart of ELBE is a superconducting linear accelerator operating in cw mode with a pulse repetition 
rate of 13 MHz. The electron beam (40 MeV, 1 mA max.) is guided to several laboratories where 
secondary beams (particle and electromagnetic) are generated. Two free-electron lasers (U27-FEL and 
U100-FEL) produce intense, coherent electromagnetic radiation in the mid and far infrared, which is 
tunable over a wide 
wavelength range (4 –
250 µm) by changing the 
electron energy or the 
undulator magnetic field. 
Main parameters of the 
infrared radiation produced 
by FELBE are as follows:  
Wavelength  λ 4 – 22 µm 
18 – 250 µm 
FEL with undulator U27 
FEL with undulator U100 
Pulse energy 0.01 – 2 µJ depends on wavelength 
Pulse length 1 – 25 ps depends on wavelength 
Repetition rate 13 MHz 3 modes:  cw  
                 macropulsed (> 100 µs, < 25 Hz)  
                 single pulsed (Hz…kHz) 
The free electron laser is a user facility. Applications for beam time can 
be submitted twice a year, typically by April 15 and October 15. Users from 
EU countries can receive support through the FP7 Integrated Infrastructure 
Initiative (I3) CALIPSO (Coordinated Access to LIghtsources to Promote 
Standards and Optimization).  
 Typical applications are picosecond pump-probe 
spectroscopy (also in combination with several other 
femtosecond lasers, which are synchronized to the 
FEL), near-field microscopy and nonlinear optics. The 
FELBE facility also serves as a far-infrared source for 
experiments at the High-Field Laboratory Dresden 
(HLD) involving pulsed magnetic fields up to 70 
Tesla.  
The statistics shows that the FEL used 1050 hours 
beamtime of the ELBE accelerator. This corresponds 
to 27 % of total beamtime, which is again distributed 
among internal and external users. 
For further information please contact:  
Prof. Manfred Helm (m.helm@hzdr.de)  
or visit the FELBE webpage www.hzdr.de/FELBE. 
User facilities and services 
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ROssendorf BeamLine (ROBL) 
The ROssendorf BeamLine (ROBL), operated by the HZDR since 1998, is a bending magnet 
synchrotron beam line located at the European Synchrotron Radiation Facility (ESRF) in Grenoble, 
France. It consists of two high specialized experimental stations, one unique for spectroscopic 
investigation of actinide and other radionuclides (Radiochemistry RCH) and one for diffraction experiments 
(Materials Science MRH). The latter is run by the Institute of Ion Beam Physics and Materials Research. In 
summer 2011 the complete beamline optics was renewed, since spring 2012 the beamline is back in user 
operation. Beside conventional silicon single crystals for monochromatisation in (111) and (311) 
orientation also a modern multilayer optics is available increasing the flux by two orders of magnitude by 
reduced energy resolution. By the use of mirrors with three different coatings (Si, Rh, Pt) the complete 
energy range from 6 to 35 keV is now accessible. Additionally, the beam can be focused by toroidal shape 
mirrors at the sample position in MRH down to approx 0.3*0.3 mm2. The set-up and main parameters are 
sketched as follows: 
 
Energy resolution 
 
< 5×10-4 ΔE/E (Si(111)) 
< 1×10-4 ΔE/E (Si(311)) 
~2×10-2 ΔE/E (multilayer ML) 
Beam size 
 
(10×0.5) mm2 unfocussed 
(0.3×0.3) mm2 focussed 
Photon flux 
 
8×109 phot./(s.mm2) unfocussed 
> 3×1011 phot./(s.mm2) focussed 
> 2×1013 phot./(s.mm2) focussed ML 
 
The core competence of ROBL-MRH is the analysis of thin films, multilayers and (ion-beam-
synthesized) nanostructures using X-ray scattering techniques. Hereby phase formation or 
transformations; nanostructure, surface and interface evolution or strain/stress states are investigated. Of 
special attraction are experiments under in-situ conditions at ROBL-MRH. These studies are using 
process chambers for magnetron sputter deposition or annealing under vacuum or using various also 
reactive gases. All scattering experiments can be complemented by spectroscopic investigations. 
ROBL is a user facility. Applications for beam time can be submitted as an official ESRF proposal at 
March 1st and September 1st. The ESRF covers travel and accommodation costs of successfully reviewed 
proposals. In addition, there is also the possibility to use in-house research beam time for collaborative 
experiments between external users and HZDR scientists for studies of common interest.  
 
For further information please contact 
Dr. Andreas Scheinost (ROBL-RCH): scheinost@esrf.fr 
Dr. Carsten Bähtz (ROBL-MRH): baehtz@esrf.fr 
or visit the ROBL webpage: www.hzdr.de/ROBL 
Optics Hutch 
(Mirrors, DCM) 
Spectroscopy (ROBL-RCH) 
(EXAFS, XANES, XRF) 
Scattering (ROBL-MRH) 
(Diffraction, Reflectivity, SAXS) 
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Services 
Main areas of competence 
• Ion implantation in a broad range of ion energy (~ 200 eV to ~ 50 MeV) and substrate temperature  
• Advanced ion beam technologies (high energy ion implantation, plasma immersion ion implantation, 
focused ion beam) for (micro)electronic applications 
• Deposition of functional coatings using ion-assisted physical vapor deposition 
• Advanced annealing technologies with flash lamps and lasers in the subsecond range 
• Development and fabrication of sensors and detectors for charged particle spectroscopy  
• High energy ion implantation service for power devices and laser structures 
• Surface analysis of solid materials with high energy ion beams 
• Computer simulation of ion beam interaction with materials 
• Optical characterization of materials (luminescence, FTIR, Raman) 
• Mechanical testing of neutron irradiated structural materials 
Offers 
• Consultation and problem evaluation for ion beam applications 
• Process development for ion beam processing of metals, ceramics, semiconductors, thin films 
• Preparation and treatment of material samples, tools or complex parts of devices 
• Ion implantation and ion beam analysis services 
• Fabrication of silicon radiation sensors under clean room conditions 
• Structural diagnostics of materials surfaces including e-beam (SEM, TEM, AES) and X-ray techniques 
(XRD, XRR with both Cu-K and Synchrotron (5-35 keV) radiation).   
Contact 
Please direct your inquiries to one of the following experts: 
Field of application Responsible Phone / Fax* E-mail 
Ion implantation and high-energy 
ion beam analysis Dr. Johannes von Borany 3378 / 3438 j.v.borany@hzdr.de 
Ion technologies for surface 
modification and doping Prof. Andreas Kolitsch 3348 / 2703 a.kolitsch@hzdr.de 
Advanced surface annealing Dr. Wolfgang Skorupa 3612 / 3411 w.skorupa@hzdr.de 
Semiconductor preparation 
Detector / Sensor fabrication 
Dr. Bernd Schmidt 2726 / 3285 bernd.schmidt@hzdr.de 
Focused ion beams Dr. Lothar Bischoff 2963 / 3285 l.bischoff@hzdr.de 
Structural diagnostics Dr. Johannes von Borany 3378 / 3438 j.v.borany@hzdr.de 
Materials research with Synchro-
tron radiation at ROBL (ESRF)  Dr. Carsten Bähtz 2367 baehtz@esrf.fr 
Optical materials characterization Dr. Harald Schneider 2880 / 3285 h.schneider@hzdr.de 
Mechanical testing of irradiated 
structural materials Dr. Hans-Werner Viehrig 3246 h.w.viehrig@hzdr.de 
*For all phone/ fax-numbers choose the country / local code: +49 351 260 - xxxx (for HZDR) 
+33 47 688  - xxxx (for ROBL) 
 
User facilities and services 
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The institute also recommends the homepages of its spin-off companies 
• HZDR Innovation GmbH         www.hzdr-innovation.de  
• GeSiM mbH    Si-Microsystems     www.gesim.de 
• APT Dresden    Applied Pulse Technology  www.apt-dresden.de  
• DTF GmbH     Thin Film Technology   www.dtf-technology.de 
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List of personnel 2012 
 
DIRECTORS 
Prof. Dr. M. Helm, Prof. Dr. J. Fassbender 
OFFICE 
S. Gebel, S. Kirch  
SCIENTIFIC STAFF 
Permanent staff     
Dr. G. Abrasonis 
Dr. C. Akhmadaliev 
Dr. E. Altstadt 
Dr. C. Bähtz 
Dr. F. Bergner 
Dr. L. Bischoff 
Dr. J. von Borany 
Dr. S. Facsko 
Dr. S. Gemming 
Dr. J. Grenzer 
Dr. V. Heera 
Dr. K.-H. Heinig 
Dr. R. Hübner 
Dr. R. Kögler 
Prof. A. Kolitsch 
Dr. J. Lindner 
Dr. A. Mücklich 
Dr. G. Müller 
 
 
Dr. F. Munnik 
Dr. C. Neelmeijer 
Dr. M. Posselt 
Dr. K. Potzger 
Dr. L. Rebohle 
Dr. H. Reuther 
Dr. B. Schmidt 
Dr. H. Schneider 
Dr. W. Skorupa 
Dr. A. Ulbricht 
Dr. H.-W. Viehrig 
Dr. M. Voelskow 
Dr. M. Werner 
Dr. S. Winnerl 
Non-permanent  
Dr. R. Bali 
Dr. J. Bhattacharyya  
Dr. F. Bregolin (P) 
Dr. C. Cherkouk (P) 
Dr. A. Cordeiro (P) 
Dr. A. Deac 
Dr. M. Devaraj (P) 
Dr. O. Drachenko (P) 
Dr. A. S. El-Said (P) 
Dr. A. Erbe 
Dr. C. Fowley 
Dr. M. Friedrich (P) 
Dr. J. Grebing 
Dr. R. Heller 
M. Houska (P) 
Dr. A. Keller (P) 
Dr. E. Kerimov (P) 
Dr. M. Khalid (P) 
 
 
Dr. M. Krause (P) 
Dr. K. Lenz 
Dr. B. Liedke (P) 
Prof. W. Möller (P) 
Dr. A. Neudert 
Dr. X. Ou (P) 
Dr. W. Pilz (P) 
Dr. S. Prucnal (P) 
K. Saravanan (P) 
Dr. A. Shalimov 
Dr. H. Schmidt (P) 
Dr. V. Sluka 
Dr. M. Vinnichenko (P) 
Dr. K. Werniewicz (P) 
Dr. R. Yankov (P) 
Dr. P. Zahn (P) 
Dr. S. Zhou (P) 
 
TECHNICAL STAFF 
Permanent staff     
Rb. Aniol 
Ry. Aniol 
E. Christalle 
S. Eisenwinder 
B. Gebauer 
D. Hanf 
J. Haufe 
A. Henschke 
H. Hilliges 
S. Klare 
J. Kreher 
A. Kunz 
H. Lange 
U. Lucchesi 
F. Ludewig 
 
 
R. Mester 
M. Mißbach 
C. Neisser 
J. Pietzsch 
A. Reichel 
H. Richter 
M. Roßner 
S. Rott 
B. Scheumann 
G. Schnabel 
A. Schneider 
A. Scholz 
T. Schumann 
U. Skorupa 
M. Steinert 
 
 
U. Strauch 
A. Thiel 
K. Thiemig 
A. Vetter 
J. Wagner 
W. Webersinke 
R. Weidauer 
A. Weise 
R. Weiss 
J. Winkelmann 
I. Winkler 
L. Zimmermann 
J. Zscharschuch 
 
Non-permanent 
A. Barth 
C. Frenzel (P) 
F. Nierobisch 
T. Putzke (P) 
T. Schönherr (P) 
I. Skorupa (P) 
A. Weißig (P) 
 
(P) Projects 
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PhD STUDENTS 
Y. Aleksandrov 
D. Ball 
A. Banholzer 
C. Baumgart 
K. Bernert 
D. Blaschke 
A. Bogusz 
R. Böttger 
M. Buhl 
D. Bürger 
S. Cornelius 
R. Endler 
M. Fehrenbacher 
J. Fiedler 
 
C. Franke 
D. Friedrich 
M. Fritzsche 
K. Gao 
S. Germer 
A. Heidarian 
C. Heintze 
T. Kaspar 
N. Klingner 
M. Körner 
E. Kowalska 
A. Kranz 
M. Langer 
J. Lehmann 
 
F. Lomakina 
M. Mittendorff 
K. M. Mok 
M. Neubert 
J. Osten 
B. Pelic 
P. Philipp 
D. Reichel 
O. Roshchupkina 
C. Scarlat 
I. Schönitz 
E. Schumann 
Y. Shuai 
T. Sendler 
 
G. Steinbach 
D. Stephan 
M. Teich 
A. Wagner 
Y. Wang 
R. Wenisch 
U. Wiesenhütter 
M. Wieser 
C. Wilde  
R. Wilhelm 
S. Wintz 
O. Yildirim 
M. Zschintzsch 
S. Zybell 
STUDENTS (diploma / MSc / BSc) 
C. Böttger 
J.  Kelling 
M. Kretschmer 
A. Mrotzek 
L. Opherden 
H. Sasse 
 
J. Schmidt 
B. Schreiber 
M. Trache 
R. Wutzler 
R. K. Yadav 
 
Institute of Ion Beam Physics and Materials Research
P.O. Box 51 01 19 · 01314 Dresden/Germany
Phone  +49 351 260-2345
Fax     +49 351 260-3285
http://www.hzdr.de
Member of the Helmholtz Association
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